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ABSTRACT
Forage systems are important for animal production. Nitrogen fertilization and herbicides
use has led to a significant increase in forage production. Therefore, this study aimed to
investigate the effects of biochar and N-(n-butyl) thiophosphoric triamide + dicyandiamide
(NBPT+DCD) application on manure and urea fertilized soil by focusing on nitrogen fertilizer
efficiency use, greenhouse gases emissions, microbial community, soil aggregate stability, and
organic carbon functional groups. In addition, herbicides effect on greenhouse gases emission
was assessed. Biochar and NBPT+DCD increased nitrogen use efficiency of both fertilizers
managements and reduced the N2O emissions following manure fertilization. However,
NBPT+DCD was a better tool to enhance the use efficiency of both fertilizers and to reduce the
N2O emission of urea fertilization. The use of manure as nitrogen fertilizer and biochar appeared
to increase microbial biomass, bacteria and fungi relative abundances in the soil. In contrast, the
use of NBPT+DCD presented to be detrimental to microbial biomass, especially for bacteria and
saprophytic fungi. Manure fertilization and biochar application increased soil aggregation and
stability. Manure application contributed to more aliphatic components (non-polar) and
polysaccharides (binding agent) of soil organic matter in larger aggregates. On the other hand,
biochar application increased carboxylic functional groups in smaller aggregates. Indaziflam
increased CH4 emissions from a pasture soil, while nicosulfuron plus metsulfuron-methyl and
oxadiazon reduced N2O emission. These findings will improve sustainable farming practices on
forage production systems in southern region of United States.
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CHAPTER 1. GENERAL INTRODUCTION
Hay is used as cattle fodder to provide food in situations when the pastures are not
available for animals to graze. Beef production is one of the most important agricultural
commodity in the United States and accounted for 21% ($78.2 billion) of the total cash receipt
($377 billion) from agricultural commodities in 2015 (USDA, 2016). Pasturelands and forage
production support cattle production and its total economic value is estimated at $45 billion per
year (Sanderson et al., 2012). Pasturelands consisted of 55% of the total agricultural land in the
United States in 2012 (USDA, 2012).
Grasses thrive when nitrogen (N) is applied although forage producers are challenged to
optimize plant production with minimal inputs of costly nutrients. There is an interplay of
economics and regulatory obligations to mitigate excessive nutrient loss from the land. Nitrogen
is the most important among the essential nutrients for the development and nutritional
composition of forages. It is primarily responsible for the protein content (% crude protein, CP)
of forages. In addition, N fertilization is the one that presents the best response in relation to the
production of forage biomass (Newman et al., 2009). However, low nutrient use efficiency with
inadequate forage crop management often results in low economic efficiency of the fertilizer use
and potential of environment contamination. This issue has been shown more significant in the
southern region of United States due to climatic factors (Fixen et al., 2015; Williams et al.,
2007).
Nitrogen fertilization and herbicides use has led to a significant increase in agriculture
production in most high yielding and quality hays (Green, 2015; Massey et al., 2011); however,
the intensification of agriculture has been associated with adverse environmental consequences
including high levels of nitrate in the water which led to eutrophication and elevated emissions
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of nitrous oxide, a potent greenhouse gas, and ammonia, a PM2.5 precursors (Bos et al., 2013;
Saggar et al., 2011). Several chemical and physical stabilization of N sources technologies have
been developed, which have the potential to reduce the losses and enhance the efficiency of
fertilizer (Connell et al., 2011). These mitigation tools include the use of nitrification inhibitors
such as dicyandiamide (DCD), 2-chloro-6-(trichloromethyl)-pyridine (Nitrapyrin), 3,4dimethylpyrazole phosphate (DMPP), and urease inhibitors as N-(n-butyl) thiophosphoric
triamide (NBPT), phenylphosphorodiamidate (PPD/PPDA), hydroquinone, and biochar, which
is an organic material pyrolyzed under limited supply of oxygen at low temperatures (Chen et al.,
2008; Guo et al., 2013; Lehmann et al., 2011; Rose et al., 2018; Zaman et al., 2013). These
technologies exert different mechanisms of maintaining N in a stable form and prevent its loss
from the soil system while being available to plants (Kammann et al., 2017; Sanz-Cobena et al.,
2012; Zanin et al., 2015).
Various efforts have been made to understand the effects of these technologies on soil
chemical, physical, and biological processes. A significant amount of research has been
conducted on these technologies to investigate the biogeochemical cycles under different
environmental conditions. Several laboratory and field studies demonstrated that complex
chemical and biological processes are involved in regulating the behavior of N dynamics by
these materials in soil (Engel et al., 2015; Kawakami et al., 2012; Lehmann and Joseph, 2015;
Zanin et al., 2015). Predicting the fate of N is highly complex due heterogeneity of soils and
dependency on weather conditions. While our understanding of the N cycle has improved in the
last decades, the influence of environmental factors on the fate of N with regard to GHG
emission and soil carbon dynamics as affected by these mitigation technologies. In addition, the
effect of herbicides on greenhouse gases emission in southern pastureland is yet known.
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1.1. Statement of the problem
The main essential elements for forage growth include N, P (phosphorus) and K
(potassium) which are necessary to maintain cost-effective hay and animal production (Ball et
al., 2007; Newman et al., 2009). Forage production systems demand large amounts of fertilizer,
especially N fertilizer which enhance the potential of losses and contamination of air and water
(Peoples et al., 2014). Additionally, the conditions of warm and humid climate of subtropical
region in the southern United States promote high potential of environmental contamination as
well as lower nitrogen fertilizer efficiency values (Mandal et al., 2016; Scheer et al., 2011).
Generally, plants recover only part of the N fertilizer applied to the soil, the remaining part is
immobilized by microorganisms and/or are exported from soil-plant system by volatilization, gas
emission, leaching or runoff. The dynamic of nitrogen in aerated soils is controlled by
temperature and moisture content of the soil since is driven mainly by microorganisms (Geisseler
and Scow, 2014; Pajares and Bohannan, 2016). Considerable portion of nitrogen fertilizers
applied to forage production systems are lost as gaseous forms such as ammonia and nitrous
oxide (NH3 and N2O) (Connell et al., 2011). Losses of N as gaseous forms have been reported to
range from 15 to 40% in pasture fields (Luo et al., 2008; Massey et al., 2011; Zaman et al.,
2009). In addition, nitrogen fertilization may also increase the emission of carbon greenhouse
gases such as carbon dioxide and methane (CO2 and CH4) (Boon et al., 2014; Burton et al.,
2008). Accumulated losses of organic carbon (C) result in low organic matter content which can
degrade the soil leading to erosion and consequently decrease soil health. Soil organic matter
content is important as source of nutrients for plants and as soil aggregation agent.
Mineralization of organic matter is driven by microorganisms which is also an important aspect
of soil health. Particularly, soil management practices affect soil microbial communities. For
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instance, monoculture decreases microbial diversity (Zhang et al., 2018) and nitrogen
fertilization negatively affects microbial diversity and biomass in soils under pasture (Berthrong
et al., 2014; Geisseler et al., 2016). Soil C is directly involved on microbial processes, which also
contributes to soil structure by forming stable aggregates. Different forms of carbon are present
in soil, the arrangement of soil particles by different carbon dynamics configures and determines
soil structure (Zhang et al., 2018).
In order to understand the interaction of nitrogen with mitigation technologies in soil
environment and the effect of herbicide application on greenhouse gases, it is necessary to study
the effects of these management practices on soil health properties and emissions of carbon
dioxide, methane and nitrous oxide. Therefore, we hypothesize that biochar and nitrogen
stabilizers (NBPT+DCD) will enhance the use efficiency of urea and manure fertilization by
minimizing nitrogen losses and improving soil health on bermudagrass (Cynodon dactylon L.
Pers) hayfields in the southern of United States. There is a strong demand from farmers as well
as regulatory agencies for the quantitative assessment of nitrogen fertilizer efficiency and
emission of greenhouse gases. The understanding of the physical, chemical and biological
interactions and quantifying their effects will provide solutions that will ensure the sustainability
of farming practices.
1.2. Objectives
The aim of this study is to address the knowledge gaps in our understanding of soil
nitrogen and carbon dynamics as influenced by nitrogen fertilizer stabilizers and biochar
application by focusing on pasture biomass yield, greenhouse gases emissions, soil aggregate
stability, organic carbon functional groups and microbial community. In addition, herbicide
effect on greenhouse gases emission is assessed. The specific objectives of the study were: 1) to
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compare the effect of biochar and nitrogen stabilizers on pasture biomass yield and nitrogen use
efficiency in a perennial bermudagrass field under organic and inorganic nitrogen fertilization; 2)
to evaluate the effects of biochar and nitrogen stabilizers on greenhouse gas emission in the
pasture field under organic and inorganic nitrogen fertilization; 3) to determine the effects of
biochar and nitrogen stabilizers on soil microbial community in the pasture field under organic
and inorganic nitrogen fertilization; 4) to assess soil aggregate stability and characterize soil
organic carbon functional groups in the pasture field under organic and inorganic nitrogen
fertilization; and 5) to study the effects of different herbicides on greenhouse gases emission
from soil under pasture production. The information from this study is expected to help us to
further understand the effects of these mitigation technologies in southern United States and
develop management practices to enhance sustainable farming.
1.3. Structure of the dissertation
This dissertation is divided in eight chapters, which were written in journal paper format
with the exception of Chapter 1 (General Introduction) and Chapter 8 (General Summary).
Chapter 2 presents the literature review of biochar and nitrogen stabilizer use on forage
production systems under organic and inorganic fertilization managements and effects of
herbicide on greenhouse gas emissions. Chapter 3 describes the effects of different fertilization
managements to enhance use efficiency of N fertilizer on forage production and soil properties.
Chapter 4 evaluates the greenhouse gas emission after application of mitigation technologies in
two different fertilization managements on a pasture field. Chapter 5 presents the soil microbial
community structure in a soil under pasture as affected by biochar and nitrogen stabilizer
application associated with organic and inorganic fertilization management. Chapter 6 assesses
the effects of biochar and nitrogen stabilizer application on soil aggregate stability and
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characterizes soil organic matter on a forage production system under organic and inorganic
fertilization managements. Chapter 7 evaluates the effects of different herbicides on greenhouse
gas emissions from a soil under pasture.
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CHAPTER 2. LITERATURE REVIEW
2.1. Introduction
Consumer demand, corporate commitments, and climate change policy are creating
increasing pressure in the world for more sustainable livestock production to reduce impacts on
the climate as well as to achieve other environmentally, economically and socially desirable
results (González et al., 2011; Stehfest et al., 2013). Implementation of management practices
that address natural resource concerns including soil quality, clean water and air, plant
production, and animal welfare on agricultural land are necessary to carry out the sustainable use
of fertilizers (Chen et al., 2018). Perennial pastures have a great potential for soil improvement
since they do not require soil disturbance, it is continuously covered which is different from
annual grasses systems. Therefore, perennial grasses have great soil organic matter content due
to their dense root system (Ivelic-Sáez et al., 2015; Zúñiga et al., 2015).
Agricultural practices, especially intensive agriculture fertilization, have caused
increasing amounts of nitrogen fertilizer being introduced into soil and watersheds (Cichota et
al., 2018; Tilman et al., 2002; Wen et al., 2016). In 2016, 12 million tons of nitrogen were used
in the United States (FAOSTAT, 2017a). Environmental and economic issues have accentuated
the necessity to better comprehend the role and fate of nitrogen in crop production systems
(Walsh and Belmont, 2015). Nitrogen dynamics in the soil are very complex relative to other
nutrients. It has great mobility in the soil, undergoes numerous transformations mediated by
microorganisms, turns into gaseous forms by denitrification, it is lost by volatilization, and has a
low residual effect.
Part of the nitrogen applied to the pasture is frequently lost from the system, which
reduces the efficiency of use, mainly because nitrogen fertilizers are usually applied on the
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surface without incorporation into the soil (Gourley et al., 2012). Because of complex chemical
and biological reactions involved in nitrogen transformation associated with environmental
conditions, nitrogen is the element that presents the most significant management difficulties in
agricultural production among major plant nutrients (Meier and Christen, 2012). Farming
practices such as fertilizer application, modify nutrient cycling in grassland ecosystems by
altering the level and distribution of nutrients within aboveground and belowground biomass
(Liu et al., 2017a).
Most of the nitrogen (99%) present is in organic forms, which are not available for plants
(Jarvis et al., 1996; Murphy et al., 2000). This organic nitrogen is converted to inorganic nitrogen
through ammonification, in which microorganism decompose organic matter releasing
ammonium (NH4+-N). Nitrogen fertilization also supplies NH4+-N, which can be absorbed by the
plants and converted to ammonia (NH3). The NH4+-N in the soil that is not taken up by the plants
is subject to nitrification, which converts NH4+-N to nitrate (NO3--N), also available for plants.
Nitrification is driven by microorganisms under aerobic conditions. Alongside with nitrification,
nitrogen can be immobilized by bacteria when organic matter presents great carbon and nitrogen
concentration ratios (> 20) (Fenchel et al., 2012), which can reduce nitrogen availability for
plants. Additionally, NO3-N can be reduced to nitrogen gaseous forms (NO, N2O, N2) under
anaerobic conditions through denitrification.
2.2. Nitrogen management in pastures
Forage management and complementary forages are necessary to solve forage
availability for beef production and to create year-round grazing systems (Hendricks et al.,
2016). Pasture management practices include improvement of soil chemical condition and use of
high yielding species (Ordóñez et al., 2018). Fertilization in pastures, mainly nitrogen, is a
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fundamental practice when the purpose is to increase dry matter production (Peoples et al.,
2014), since nitrogen present in the soil does not supply the requirement of high-yielding grasses
to express their productive potential (Fulkerson and Lowe, 2011). Another aspect to be
considered is that forage grasses are sensitive to soil fertility especially when intended for
haymaking, requiring greater amounts of nutrients mainly nitrogen (Pedreira et al., 2005).
Fertilization of grasslands in warm climate regions differ from most temperate grasslands
since the weather pattern promotes unfavorable conditions for a great fertilizer efficiency
(Dubeux et al., 2007). Warm season pasture lands typically receive low rates of inorganic
nitrogen fertilizer per application compared with pasture lands from temperate climate. Greater
number of fertilizer application to apply total seasonal nitrogen rate required increase operational
costs (Sollenberger et al., 2004). Generally, the soil of warm climate pastures presents low
fertility and requires suitable management of fertilization practices, therefore increasing the
effectiveness of fertilizer is critical to ensure economic viability of the forage production in these
regions (Christians et al., 2016). Warm season grasses production is seasonal and soil nitrogen
content limits its productivity (Han et al., 2012). Bermudagrass requires high soil nitrogen
fertilization to provide a high-quality pasture and hay (Ball et al., 2007).
In hay production systems, fertilization may not correspond to the amount of nutrients
removed in harvested biomass, raising concern about soil depletion and stand loss that could
happen over time (Öborn et al., 2010; Silveira et al., 2017). Hay fields have been managed over
the time through a plain practice arrangement of regular cutting, the turning over and drying of
hay, applications of nitrogen fertilizer (organic or inorganic) and no or only occasional plowing
(Dahlström et al., 2008). It is recommended to perform soil analysis periodically, at least once a
year. Nitrogen use is a useful indicator of land use intensity on grasslands. Implementation of
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environment conservation practices are not cost-effective on high-intensity farmlands since the
financial compensation tend to be high on those farming systems (Kleijn et al., 2009). Therefore,
it is important to improve nitrogen fertilization management in order to enhance use efficiency as
well as soil chemical properties. Results from a 12-year study on hay meadows showed no
difference of soil nitrogen contents followed by the use of inorganic fertilizers (5.55 g N kg-1)
and manure (5.61 g N kg-1) supplying the equivalent amount of nitrogen (Kirkham et al., 2014).
Surface applications of nitrogen fertilizer are the most common method of fertilization in
forage systems. Application of N fertilizer broadcasting on soil surface may lead to significant
losses of nitrogen through NH3 volatilization and exposure to surface runoff increasing potential
pollution of air and water (Pierson et al., 2001). Nitrogen application rates have been commonly
derived from economic perspective because of the variability in environmental conditions
(Nelson, 2012). Typical recommendation for pastures varies from 50 to 400 kg of N per hectare
per year usually in split applications of 50 to 100 kg of N per hectare (Monaghan et al., 2005).
2.2.1. Use of urea as inorganic nitrogen fertilizer
Inorganic fertilizers also are known as synthetic fertilizers, and urea (CH4N2O) is the
most consumed synthetic nitrogen fertilizer in the world accounting for about 54% of all nitrogen
fertilizer (IFA, 2017). The United States’ urea consumption was over 6 million tons in 2014
(FAOSTAT, 2017b). Among nitrogen fertilizers, it has the advantage, of its low cost (Primavesi
et al., 2004; Tasca et al., 2011). Urea has a high concentration of nitrogen (46%), however, due
to its high hygroscopicity, it is necessary to control storage conditions to minimize the loss by
NH3 volatilization (van der Weerden et al., 2016). Urea is the dominant nitrogen source applied
to pastures (Kelly and Ward, 2016). Approximately 30% of the nitrogen from urea is recovered
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by the grasses (Corriher and Redmon, 2009). In New Zealand, a ratio of 10 kg of forage dry
matter per kg of applied nitrogen frequently is used as the default value by farmers (Quin et al.,
2015).
Rochette et al. (2009) demonstrated that upon application to soil, urea is hydrolyzed by
the enzyme urease producing ammonium carbonate (CO(NH2)2+ 2H2O→ (NH4)2CO3), which
decomposes rapidly into ammonium, bicarbonate and hydroxyl ((NH4)2CO3+ H2O →2NH4++
OH-+ HCO3-). Thus, the ammonium can be converted into ammonia (NH3), which can be
volatilized and lost to the atmosphere. Greater NH3 volatilization has been observed in soils with
low organic matter, low cation exchange capacity, high pH values, low soil moisture, high
temperature as well as high doses of nitrogen application (Clay et al., 1990; Liu et al., 2007; Ma
et al., 2010).
2.2.2. Use of cattle manure as organic fertilizer
Organic fertilizing with cattle manure is a millennial practice that is regaining popularity
nowadays with the growing concern for the environment and with the need to give appropriate
fate due to the large amounts produced in cattle product (Pratt et al., 2015). Given the manure
fertilization particular dynamics in agricultural soil systems, cattle manure seems to present a
great fertilizer value for forage production. Organic fertilizers are commonly derived from the
waste of livestock such as cattle manure and poultry litter. Not only provide sustained slow
nutrient release, but also enhance soil structure and microbial (Long et al., 2018; Smith and
Williams, 2016). However, the low concentration of available nutrients limits the utilization of
manure, increasing the costs of storage, transport, and application per unit of nutrient, restricting
its use as fertilizer mostly in areas close to its production and storage (Long et al., 2018).
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Animal manure is considered the most important organic fertilizer and source of nitrogen.
The nutrients release process involves decomposition and mineralization of organic matter by
microorganisms (Liu et al., 2017b). Thus, manure is a slow and long-lasting source of nutrients,
which helps to avoid losses. Nutrients mineralization of manure is influenced by temperature,
soil moisture, soil physicochemical properties and characteristics of manure. Generally, manure
decomposition rate increases under high temperature and moisture conditions found in
agricultural soils (Eghball et al., 2002). Essentially, nitrogen availability is associated with
inorganic and organic nitrogen forms constituents in manure fertilizer. Typically, inorganic
nitrogen content (NH4-N and NO3-N) are readily available to plants and organic nitrogen forms
need to be mineralized by microorganism to become plant available (Tang et al., 2018). Manure
fertilization based on nitrogen availability assumption must consider the estimation of organic
nitrogen mineralization, which are influenced by manure carbon and nitrogen ratio (C:N).
Greater C:N ratios presents lower mineralization rates. In general, cattle manure presents high
C:N ratio (17:1) compared with pig manure (14:1) and poultry litter (9:1) (Bhogal et al., 2016).
Previous studies showed that manure organic nitrogen mineralization occurs in two phases, an
initial rapid phase after application followed by a slower phase (Gil et al., 2011; Schröder et al.,
2007). Additionally, in the year of application, nitrogen availability of beef cattle manure
corresponds to 40 to 50% of total N content (Eghball et al., 2002). Gil et al. (2011) found that
organic nitrogen content in cattle manure presented different levels of stability (labile and
resistant organic nitrogen).
2.3. Environmental issues due to nitrogen losses
Despite being an essential element to life, nitrogen application in large quantities can lead
to serious environmental problems which affect the ecosystem equilibrium, human health, and
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climate pattern (Davidson et al., 2011; Houlton et al., 2013). Agricultural activities are
overloading ecosystems with nitrogen due to losses as leaching, runoff, volatilization, and
emission of gases (Puckett et al., 2010). The excess of nitrogen generated by human activities
contaminates freshwater and coastal areas and contributes to climate change (Pierer et al., 2014).
Meanwhile, Earth's population is reaching 7 billion people adding pressure for increasing food
production, which in turn leads to increased nitrogen application in agricultural production (Ray
et al., 2013).
In intensive forage production systems, nitrogen-based fertilizers application at
inappropriate rates exceeding the amount that forage plants can metabolize is the main cause of
environmental contamination (Agyin-Birikorang et al., 2012). As a result, about 70% of the
nitrogen present in fertilizers is not assimilated into plants (Kant, 2018; Raun and Johnson,
1999). Studies conducted with warm-season forage showed that nitrogen removal by grasses
ranged from 30% to 40% of the applied nitrogen (Newman et al., 2009). These lost N forms may
end up being leached to groundwater and then polluting watercourses, ponds, aquifers and
marine areas causing eutrophication (McIsaac et al., 2001). Eutrophication is the excessive
growth of algae to levels that affect the normal and desirable population of fish in aqueous
environment. The substantial factor for this increase is the greater concentration of nutrients,
mostly nitrogen and phosphorus. The process depletes oxygen to levels below 0.5 mL of oxygen
per L of water and eventually leads to the death of animals (Adams et al., 2018; Diaz and
Rosenberg, 2008; Rost et al., 2009). Besides, nitrogen transformation reactions in nitrification
and denitrification release nitrous oxide into the atmosphere. Nitrous oxide is a gas that
contributes to the greenhouse effect and has a potential to heat up to 300 times more than carbon
dioxide (Ravishankara et al., 2009).
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When nitrogen fertilizer such as urea is applied to the soil, it can be readily hydrolyzed
by the action of the enzyme urease and lost to the atmosphere in the form of ammonia gas and
CO2 (Longo and Melo, 2005). Depending on the management adopted, these losses can be
significant, compromising crop yields and decreasing air quality. In addition to management,
other factors also directly interfere with nitrogen losses, such as temperature, moisture, soil
texture and organic matter content by increasing or decreasing the urease activity (Hu et al.,
2018b; Liu et al., 2018; Raiesi and Salek-Gilani, 2018). Soils with low organic matter, high pH
values, low soil moisture and high temperature are associated with high levels of NH3
volatilization (Ma et al., 2010).
Excessive nitrogen inputs in forage production systems can promote losses to the
environment contributing to anthropogenic climate alteration via N2O emissions. This issue
intensifies in the tropical and subtropical regions of Australia where temperatures and
precipitation are high (Murphy and Ribbe, 2004). In general, subtropical and tropical soils
account for 14-23% of the global N2O emission budget (Solomon, 2007). In China, seasonal N2O
flux from the soil has increased over the decades (Liang et al., 2017; Zou et al., 2009) and
evidence has shown that high nitrogen rate promotes N2O emissions (Zou et al., 2009). Previous
studies focusing on N2O emission from fertilized subtropical pastures reported high fluxes
followed rainfall events, indicating that soil moisture is the main driver of N2O emissions (Allen
et al., 2009; Scheer et al., 2011). The N2O emission from the soil is mainly associated with the
denitrification process, a result of denitrifying bacteria activity. In the absence of atmospheric
oxygen, these bacteria use nitrate to oxidize organic compounds (anaerobic respiration), and part
of the nitrates of the soil is sent back to the atmosphere in the form of nitrogen gas (Luo et al.,
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2010). Although soils under pasture generally have good drainage, microsites may occur within
aggregates with low oxygen availability, conditions favorable to denitrification (Carter, 2007).
The use of cattle manure constitutes an alternative to be used in the organic production
system, although there has been an increasing concern about environmental harm from manure
soil application (Diaz et al., 2011; Larney et al., 2006). Manure application affects the soil
nitrogen and phosphorus composition, either by altering pH and organic matter content or by
directly adding nitrogen and phosphorus compounds (Yan et al., 2018; Zhang et al., 2018a). In
Canada, 83.6% of farms applied solid manure at the surface on hay and pasture lands (Kuchta
and Cessna, 2009). Excess inputs of manure can lead to hypoxia due to contamination of surface
and groundwater by runoff and leaching of nitrogen and phosphorus (Long et al., 2018).
In subtropical soils, NO3- leaching potential is greater than in temperate soils due to
greater precipitation. In addition, it is correlated with soil nitrogen and phosphorus ratio (Tang et
al., 2018). In a study on a bermudagrass hay field conducted in Florida, the NO3-N content
leachate showed an average concentration of 35 mg L-1 and 20 mg L-1 from plots that received
90 kg ha-1 and 70 kg ha-1 of nitrogen, respectively (Agyin-Birikorang et al., 2012). These values
were above the limit of NO3- groundwater concentration (10 mg L-1) established by the USEPA,
raising a concern about water pollution (Woodard et al., 2003).
2.4. Approaches to mitigate nitrogen losses
The dynamics of nitrogen in the soil is associated with management practices, weather
conditions during the crop cycle and intrinsic characteristics of the soil. Consequently, the
implementation of strategic fertilizer practices is necessary to ensure a better use efficiency of
nitrogen and reduce the losses that induce several damages to the environment and human health
(Dalgaard et al., 2011). Nitrogen management should follow some principles to minimize
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nitrogen losses to the environment. Ideal nitrogen application rate to meet crop demand and
appropriate nitrogen source according to local weather conditions are important practices to
mitigate losses. The use of animal wastes as fertilizer, controlled release fertilizers and nitrogen
stabilizers have been used to reduce emission of gases, leaching and runoff of nitrogen
compounds (Bremner, 1997; Meisinger and Delgado, 2002). For instance, research on nitrogen
use showed that enhancing the nitrogen fertilizer use efficiency decreased environmental
pollution without yield reduction in a bermudagrass field (Massey et al., 2011).
In order to minimize nitrogen losses, the ability of plants to capture the applied nitrogen
fertilizer must be enhanced. One way of doing it is by stabilizing the nitrogen in the available
form. The use of inorganic nitrogen stabilizers has shown to be useful to suppress nitrogen losses
by NH3 volatilization, NO3- leaching and N2O emission. These stabilizers affect nitrogen
transformation rates (Gao et al., 2016). Another strategy is to increase the sorption of ammonium
and nitrate in the soil which will be unavailable to microbial activity (Nguyen et al., 2017).
Therefore, an appropriate use of nitrogen fertilization is essential, not only to increase plant
recovery efficiency but also to reduce the risk of environmental pollution (Dawson et al., 2008;
Fageria et al., 2007).
2.4.1. Urease inhibitor
Urease is an extracellular enzyme synthesized by numerous microorganisms occurring in
soils and plants. It is involved in the amide hydrolysis of urea into ammonium and carbon
dioxide (Deng et al., 2016). The NH4+ can remain in this form of exchangeable cation, be
volatilized as NH3 or serve as a substrate for nitrification (Zanin et al., 2015). In order to slow
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down the hydrolysis of urea, compounds with the potential to act as inhibitors of urease have
been developed (Abalos et al., 2014).
Many compounds and metal ions inhibit urease by different mechanisms. For instance,
mercapto and arylorganoboron compounds react with the sulfhydryl and carboxylic acid groups
in the urease, respectively. Hydroxamates bind with nickel in the enzyme’s active site. Other
urease inhibitors such as thioureas, methyl urea, and phosphoryl diamides and triamides are
structural analogs of urea (Chen et al., 2008). Among commercially available urease inhibitors,
N-(n-butyl) thiophosphoric triamide (NBPT) presented the greatest potential to improve the urea
fertilizer efficiency on pasture systems. This inhibitor has been shown to increase nitrogen
response efficiency by 50% (Zaman et al., 2013). The inhibitor occupies the active site of urease,
inactivating the enzyme, delaying the onset and reducing the rate of NH3volatilization. The delay
of urea hydrolysis minimizes the concentration of NH3 present on the soil surface, and therefore
reduces the volatilization potential of NH3 by allowing the displacement of urea into deeper soil
profile (Okumura and de Cinque Mariano, 2012).
The NBPT is a compound that has similar nitrogen content, solubility, and diffusivity
similar to urea fertilizer (Watson, 2000). It is not a direct inhibitor of urease since once applied to
the soil, the NBPT has to be converted to its oxygen analog, N-(n-butyl) phosphoric triamide
(NBPTO) which is the actual inhibitor of urease activity. The inhibition involves a two-stage
process. First, the molecule of NBPTO binds with urease at three locations, which are two nickel
atoms and a carbamate group (Engel et al., 2015). In contrast, the urea molecule sets inside the
urease active sites as a monodentate ligand (Manunza et al., 1999). Second, urease-NBPTO is
converted into urease-diamidophosphate ((NH2)2PO2-) complex which is a stable analog of
urease-urea intermediate (Kot et al., 2001). The effectiveness of NBPT is highly dependent on
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soil moisture conditions because of oxygen availability. Significant reduction of efficiency was
observed in soils with 65% or greater water-filled pores space (Sanz-Cobena et al., 2012), soils
under acidic conditions (Engel et al., 2015) and soil temperatures greater than 20 °C (Engel et al.,
2013). Better responses were found in irrigated than rain fed systems with coarse-textured soils
under crops receiving high nitrogen fertilizer rates (Abalos et al., 2014).
In a recent study, NBPT and urea application resulted in greater bermudagrass biomass
nitrogen concentration (28.1 g N kg-1) compared to polymer coated urea (24.4 g N kg-1) and
ammonium nitrate (24.1 g kg-1) (Gagnon et al., 2016). Urea applied with NBPT increased corn
yield in Kansas by 19% compared to urea applied only (Weber and Mengel, 2009). In a 14-year
study in Illinois, urea stabilized with NBPT resulted in an increase of 9% of corn yield over urea
only treatment (Ebelhar et al., 2007). The potential loss of nitrogen by NH3 volatilization is
greater when nitrogen fertilizer is applied on soil surface (Massey et al., 2011; Soares et al.,
2012). In a bermudagrass field experiment in a temperate region in Canada, untreated urea
presented greater NH3 volatilization (20 to 26% of applied nitrogen) than urea treated with
NBPT (6 to 8% of applied nitrogen) (Rawluk et al., 2001). Similar results were obtained in a
study in Arkansas that showed that NH3 volatilization was greater for untreated urea (10 to 19%
of applied nitrogen) than urea treated with NBPT (2 to 4% of applied nitrogen) (Massey et al.,
2011).
2.4.2. Nitrification inhibitor
Nitrification inhibitors have been designated to slow down nitrification and minimize
possible negative impacts from the excess of nitrate in the soil. The inhibitors aim to impede the
formation of NO3- in the soil by interfering with the activity of a bacteria, Nitrossomonas sp.,
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responsible for the oxidation of NH4+ to nitrite (NO2-). This step corresponds to the first phase of
nitrification (Di and Cameron, 2005). More specifically, nitrification inhibitors affect the action
of the ammonia monooxygenase (Tilman et al., 2002) enzyme, which is a Nitrosomonas sp.
membrane protein. In the catalytic oxidation process of nitrification, NH3 binds to the active site
of the enzyme and the hydroxylamine is oxidized (Kawakami et al., 2012); however, the
nitrification inhibitors have an affinity for the same active site of the enzyme, binding to it and
inhibiting the NH3 oxidation process through the competition principle (Liu et al., 2013).
Among different nitrification inhibitors, 2-chloro-6-(trichloromethyl)-pyridine
(nitrapyrin) and dicyandiamide (DCD) are the most commonly used (Randall et al., 2003; Yang
et al., 2016). Due to its high volatility, nitrapyrin needs to be incorporated into the soil and is
commonly used with anhydrous ammonia (Kiiski, 2016). The DCD has been used with urea and
liquid urea ammonium nitrate (Connell et al., 2011). Recently a new nitrification inhibitor, 3,4dimethylpyrazole-phosphate (DMPP), has also been shown to be efficient (Chaves et al., 2006;
Frye, 2005). The low cost of production, less susceptibility to volatilization, and more suitability
for use in combination with solid fertilizers are some advantages of DCD. It can be considered a
slow release soluble fertilizer containing at least 65% nitrogen, which after a few weeks
decomposes entirely into NH4+ and CO2 (Frye, 2005). Another advantageous characteristic of
DCD concerning nitrapyrin is to have a bacteriostatic and non-bactericide effect in the soil, with
specific impact for nitrifying bacteria Nitrosomonas sp. (Rose et al., 2018).
Studies indicate that nitrifier microorganisms in culture with DCD are capable of
inhibiting the formation of NO2-; however, these same microorganisms, after being transferred to
a DCD free medium, recover their original capacity to oxidize up to 90% of the NH4+, indicating
that DCD does not affect microbial biomass (Di and Cameron, 2005; Guo et al., 2013). Total
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gross nitrogen mineralization and immobilization turnover increased significantly in a cattle
slurry amended grassland soil as an extension of DCD effects in soil (Ernfors et al., 2014). In a
simulated winter forage grazing conditions in New Zealand, the DCD was found greatly
effective in reducing NO3- concentration by 66% and leaching from urine patches by 61%.
2.4.3. Biochar
Soil amendments are products which are added to the soil to help improve chemical,
physical and biological soil properties increasing the ability to provide nutrition for plants.
Pyrolyzed biomass waste has been investigated as a strategy to mitigate greenhouse gases (GHG)
(Cabeza et al., 2018; Joseph and Lehmann, 2015). The pyrolyzed biomass, known as biochar,
increases carbon sequestration by decreasing organic matter mineralization (Fang et al., 2018;
Sheng and Zhu, 2018) and enhances soil water holding and cation exchange capacities due to its
high surface area. It increases porosity and the ability to adsorb nutrients (Kammann et al., 2017)
and alleviate toxicity of trace elements (Anyika et al., 2016; Rizwan et al., 2016).
In general, biochar is produced by the pyrolysis at low temperatures and low presence of
oxygen of organic material as feedstock (IBI, 2012). It is chemically and biologically more stable
than the feedstock used for its production due to aromatic structures formed by carboxylic and
phenolic acids (Fang et al., 2018). As a result, it presents a great recalcitrance against microbial
decomposition (Sheng and Zhu, 2018). Therefore, has been proposed as a potential technology
for the management of organic waste, improvement of biogeochemical mechanisms in soils,
production of energy and reduction of GHG emissions increasing carbon stocks in the soil
(Lehmann et al., 2011). The properties of biochar are dependent on the temperature of pyrolysis
and the feedstock source used to produce it (Cabeza et al., 2018; Singh et al., 2012). Biochar
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produced at temperatures greater than 400 °C tends to have greater aromaticity than at smaller
temperatures (Haefele et al., 2011; Lehmann et al., 2006; Luo et al., 2013). Despite biochar
carbon content being presented in a chemically recalcitrant form against microbial mineralization
(Harvey et al., 2016; Jeong et al., 2016; Singh et al., 2012), it can be degraded and released as
carbon dioxide (Fang et al., 2018), which is affected by site-specific soil and weather conditions
(Lehmann and Joseph, 2015; Luo et al., 2011; Zimmermann et al., 2012).
In a controlled environment condition study, biochar addition was beneficial to
bermudagrass, which enhanced biomass production and improved drought resistance, although
application rates above 12 tons per hectare reduced biomass yield, indicating a quadratic
response to biochar application (Artiola et al., 2012). In practical agricultural fields, the results of
biochar are more complicated, and some biochar may behave differently due to environment
conditions (Fang et al., 2018). Several reactions like photochemical degradation, biological
decomposition, and chemical degradation can interfere with biochar function in the soil.
A study with two different soils demonstrated that the efficiency of using biochar for
mitigating N2O emissions from a particular soil is related to its primary N2O formation pathway
since NO3- is adsorbed and unavailable to denitrification process (Sánchez-García et al., 2014;
Yang et al., 2017). Nitrate retention by wood chips-derived biochars was explained by waterhydrogen ion attachment in biochar porous surface (Kammann et al., 2015); however, biochar is
known to be negatively charged. Results of a batch sorption experiment indicate that the
mechanism for such sorption was driven by physical processes and the high surface area was the
critical factor (Yang et al., 2017). Biochar induces temporary shifts in soil respiration and
microbial community structure (Jones et al., 2012) and combined with manure increases yield,
maximizes nitrogen mineralization and decreases CO2 emission compared to manure only (El-
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Naggar et al., 2015). In New Zealand, a study found that biochar at a rate of 5 tons per hectare,
reduced 11% of the NO3- leached from a soil under forage (Hill et al., 2015).
2.5. Hay forage agronomic characteristics
The tiller (grass shoot) is the basic unit of grass production, which is the growing point
located in the leaf sheath and supported by the same root system. Forage grasses can develop
new generations of tillers from each of their leaves (Jones, 2013). The production of new tillers
is usually an intermittent process that can be stimulated by defoliation of the plant and,
consequently, improvement of the lighting over the grass base. Thus, there is a need for
continuous harvest in order to maintain the grass population of the perennial pasture (Read et al.,
2018). The growth form of the stem determines the habit of plant growth. Bermudagrass
(Cynodon dactylon L. Pers) spreads mainly by rhizomes (underground stems) and stolons
(horizontal aboveground stems) which provides greater coverage of the soil (Christians et al.,
2016). This morphological characteristic allows a lower cut height during the harvest since the
meristems are close to the soil surface (Gelley et al., 2017).
Bermudagrass is a highly productive warm-season perennial grass distributed throughout
the southern region of the United States. This type of forage is better adapted in areas of
relatively mild winters and can proliferate at air temperatures exceeding 38°C (USDA-NRCS,
2017). It is the primary perennial warm-season forage produced in the Southeast of the United
States; its moderate forage quality requires large amounts of fertilization and additional
supplementation (Lewandowski et al., 2003). Studies about the cut frequency in Cynodon
dactylon concluded that the adequate interval was 4 weeks between cuts during the summer
period. That was based on when greater forage production was obtained (Arthington and Brown,
2005; Read et al., 2018), although weather conditions have a strong influence on the right time
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that forage should be harvested. The variation in the climate within the growing season makes it
difficult to establish a cut frequency (Carnevalli and Silva, 1999; Gelley et al., 2017) since the
operation requires dry field conditions to be executed.
Hay production mainly consists of the cutting and drying of green fodder from 65-85%
water content to 10-20% (Wyss and Strickler, 2015). It is crucial to harvest at a point where
nutritive value and yield meet the objectives of the productions system. In Florida, a two years
study evaluated the concentration of nitrogen in bermudagrass receiving 60 kg of N ha-1 per
harvest and showed that forage nitrogen content was 26 and 20 g kg-1 of dry matter in 2014 and
2015, respectively (Kohmann et al., 2017).
2.5.1. Importance in Louisiana
Hay production in Louisiana occupies 12.5% of its area (1,200,000 ha) producing about
962,000 tons and an average yield of 6.4 ton per hectare in 2017 (USDA-NASS, 2017). In the
Gulf Coast region, year-round forage systems are crucial for forage-fed beef production
(Hendricks et al., 2016). Moderate production costs of Bermudagrass hay makes it attractive to
producers (Martin et al., 2014). In Louisiana, summer grasses come out of dormancy in early
spring, has a vigorous growth in the heat of the summer, and goes into dormancy in late fall. The
land use as pasture represents the most practical and inexpensive way of feeding cattle
constituting the basis of livestock feeding in Louisiana.
While hay production is important to Louisiana beef cattle industry, its growth is
characterized by local soil and climatic factors. The pronounced presence of river systems
provided a significant source of alluvial sediment to the soil (Weindorf, 2008) and the climate of
Louisiana is moist and subtropical with an average temperature of 20oC and average annual
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precipitation of 1500 to 1700 mm (U.S. Climate Data, 2018). In south Louisiana, the
pedogeomorphic processes derived from alluvial soil deposits generated fine texture, poorly
drained and highly expandability capacity due to its smectitic clay mineralogy soils (Weindorf,
2008). Soil pedogenic characteristics associated with climate conditions promote a high potential
of nitrogen fertilizer loss, which needs to be addressed (Tian et al., 2015).
2.6. Greenhouse gas emissions
The greenhouse effect is atmospheric heating caused by short wave radiation that is
absorbed by certain gases and transformed into heat (Wang et al., 1976). The GHG concentration
in the atmosphere increased 75% since 1970 due to anthropogenic activities that have led to an
impact on the solar radiation input and output balance of the planet (IPCC, 2015). Water vapor is
present in the Earth's atmosphere at high concentrations and accounts for 80% of the natural
greenhouse effect (Hansen, 2008; Solomon et al., 2010). The remaining 20% is due to the other
gases present in the atmosphere which, despite their small concentrations, contributes
significantly to the greenhouse effect (Escobar, 2008). The agriculture, forestry and land-use
sector accounts for 24% of the total greenhouse gas emitted from anthropogenic activities (IPCC,
2015).
The three major GHG related to agricultural activities and land use changes are CO2,
N2O, and CH4. Agricultural activities contribute directly to emissions of greenhouse gases (CO2,
CH4, and N2O) through a variety of processes (IPCC, 2015). In 2018, the atmospheric
concentrations of CO2 (408 ppm), N2O (330 ppb) and CH4 (1,860 ppb) surpassed by far the
annual average values from 1750 (CO2 - 278 ppm, N2O - 270 ppb, and CH4 - 722 ppb),
according to the National Oceanic and Atmospheric Administration (ESRL, 2018; Tol, 2018).
Global increases in CO2 concentrations are mainly due to the use of fossil fuels, with changes in
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land use providing another significant but smaller contribution than the previous one (IPCC,
2015). Carbon dioxide emissions from the soil are related to roots and soil microbial respiration
promoted by organic matter decomposition; whereas methane emissions are related to anaerobic
organic matter decomposition held by methanogenic bacteria. Methane and nitrous oxide are the
major GHG emitted by agricultural activities (IPCC, 2015). According to FAOSTAT (2014), the
GHG emissions per year from manure and synthetic nitrogen fertilizer applications on pasture
increase on average 1.1% and 3.9%, respectively, contributing to 16% and 13%, respectively, of
the total agriculture GHG emissions. In 2016, agricultural soil management activities such as
fertilizer application and other cropping practices were the most significant source of N2O
emissions, accounting for 76.7% of the total emission in the United States (USEPA, 2018). The
Gulf Coast states have the greater N2O flux per hectare of grassland in the United States
contributing to 8.8% of total emission (Mummey et al., 2000).
The primary cause of N2O emission in fertilized soils is the increasing rates of fertilizer
application, more than 100 kg N ha-1, because nitrate is an alternate terminal electron acceptor
under anaerobic soil conditions to produce N2O (Burton et al., 2008; Venterea et al., 2012). In a
subtropical pasture field in south Florida, a study estimated that a flooded soil surface may
increase the emission of CH4 from 2 to 11% (Chamberlain et al., 2016). Environmental
conditions and field managements influence the GHG emission dynamics on soil. For instance,
the water content within soil pores regulates the pathways of GHG production by
microorganisms such as denitrification and methanogen (Malyan et al., 2016; Wang et al.,
2018c). Both processes occur under anaerobic conditions which NO3- and CO2 are reduced into
N2O and CH4. High temperature generally increases the microbial activity and consequently the
emission of CO2, NO2, and CH4. Among agricultural practices that influence the GHG
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emissions, nitrogen fertilizer application is one of the most important (Snyder et al., 2009). A
study conducted in Alabama quantified N2O and NO (nitric oxide) emissions from poultry litter
and urea applications to bermudagrass and noted seasonal variations in emissions with N2O
peaks occurring with intermittent rain events (Thornton et al., 1998).
Various studies found that soils under pasture emitted more CO2 than annual crops soils,
and attributed the cause to the greater soil carbon content (Rutledge et al., 2014; Willems et al.,
2011). Rochette and Gregorich (1998) showed that the use of manure as nitrogen fertilizer
increased soil respiration by enhancing microbiological activity due to the input of available
carbon substrate. They also found that inorganic nitrogen fertilizer did not affect the soil
respiration (Rochette and Gregorich, 1998). A study carried out in the United Kingdom also
concluded that cattle excreta amended pasture increased the production and emission of CO2,
CH4 and N2O over the control treatment (Boon et al., 2014). Recently, a meta-analysis based on
91 published found that biochar application significantly increased soil CO2 fluxes by 22.14%,
but decreased N2O fluxes by 30.92% and did not affect CH4 fluxes (He et al., 2017).
Rogovska et al. (2011) studied the impact of interactions between biochar and manure on
CO2 and N2O emissions based on soil column incubation and showed that biochar addition
reduced N2O emissions and increased CO2 emissions from the soils without manure, but reduced
CO2 emissions when biochar is combined with manure. On the other hand, Chen et al. (2015)
found that biochar addition reduced CO2 emissions when applied together with compost, and
enhanced N2O emission when applied with urea. Recently, Zhao et al. (2016) conducted a field
experiment in China intended to monitor the effects of urease and nitrification inhibitor on GHG
emission from a winter wheat and summer corn system. It was reported that the inhibitors
significantly decreased the emission of CO2, N2O and CH4. These results suggest that the
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impacts of biochar and nitrogen stabilizers on GHG emission depend on type (inorganic vs.
organic) of nitrogen fertilizer as well as on the specific gases.
2.7. Soil carbon dynamics
Carbon comprises a relatively minor component of most soils (1 to 10% w/w). Despite its
low concentration, carbon is critical in nutrient cycling. Soil organic matter is the most
significant overall repository of carbon within the terrestrial system and a major source and sink
for carbon exchanges between the atmosphere, terrestrial vegetation, and aquatic environments
(Baumann et al., 2016; Parolo et al., 2017). Carbon circulates within three different global
reservoirs: atmosphere, oceans, and terrestrial systems. By acting as a conductor between the
other two pools, the atmosphere plays a vital role in the carbon cycle and the CO2 concentration
in it is governed in large part by the dynamics of the exchanges between these three reservoirs
(Paustian et al., 2004). Soils are an essential natural carbon pool. It is estimated that the first 2
meters of soil contain 2,200 Pg of carbon, corresponding to approximately 4 times the carbon
content of the vegetation (560 Pg) and 3 times the carbon content in the atmosphere (750 Pg).
The total carbon stored in the soil consists of organic carbon (1500 Pg) and mineral carbon (700
Pg), which have been widely lost due to poor and unsustainable management practices (Jackson
et al., 2017).
Soil organic matter affects soil physical properties such as increasing water retention and
soil aggregation (Baldock and Nelson, 2000). It combines with clay minerals and cements soil
particles into structural units called aggregates, which enhance the gas exchange, stabilizes soil
structure, increases permeability and provides protection for microbes (Sun and Lu, 2014). It
may improve the availability of micronutrients to higher plants forming stable complexes with
polyvalent cations (chelation) and affects bioactivity, persistence, and biodegradability of
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pesticides and other organic chemicals. Soil organic matter helps to maintain a uniform reaction
in the soil due to its buffer action in different pH and may increase the cation exchange capacity
of the soil. Decomposition of organic matter yields several essential nutrients for plant growth
and contains large quantities of carbon providing an energy source for soil biota (Baumann et al.,
2016).
The transformations that occur from fresh organic matter incorporation until the
formation of stable humidified fractions, explain the evolution of organic matter within soils
(Chenu et al., 2000). These transformations are separated conceptually by two main processes,
degradation (mineralization) and humification. Degradation of primary mineralization implies
the conversion of 70-80% of organic matter into simple molecules, such as CO2 and H2O
(Ellerbrock and Kaiser, 2005). A small quantity of water-soluble phenolic and lignified
compounds, which are partially decomposed, remain in the soil (Dias et al., 2010). These
compounds are stabilized by biological, physical and chemical processes forming humic
substances, which are the most stable carbon forms (Hayes and Clapp, 2001).
Soil carbon can interact with organic molecules in different ways due to its high specific
surface area and diversity of functional groups. The chemical nature of carbon varies within the
plant so that each group of organic compounds has a distinct ability to store carbon (Smidt et al.,
2002). It is probably because the open chain organic compounds store, per mass unit, less carbon
than the closed chain ones, such as benzene and its derivatives (Cross and Sohi, 2011). In plants,
the proportion of these compounds varies from one species to another and within the same
species, from one part of the plant to another (Kögel-Knabner, 2002). The carbon content
usually varies from 31.6% in the roots to 46.8% in corn cobs (Jans et al., 2010). In bermudagrass
under a fertilization rate of 250 kilograms of nitrogen per hectare, the carbon content in the
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rhizome was 47.2% and in the leaves was 50.1% (Liu et al., 2017a). There are plant tissues,
notably those associated with species for wood production that present about 50% of carbon
(Labbé et al., 2006). The carbon stability of the soil and the amount of carbon stored depends
mainly on two factors: the chemical structure of the carbon molecules and their interaction with
soil surface minerals (Kaiser and Guggenberger, 2003). Therefore, the knowledge of the soil
carbon distribution, as well as the chemical nature affected by different agricultural practices and
characterization of the organic matter by determining the main carbon functional groups, is
essential to evaluate the real contribution of the management on soil carbon chemical stability
(Hu et al., 2018a).
The stocks of soil carbon and nitrogen respond in a variable way to edaphic or
anthropogenic changes in agricultural practices. The nutrient cycling between carbon and
nitrogen are constant and involve the exchange of matter and energy. The optimum carbon and
nitrogen ratio to occur the mineralization of organic matter is 24 parts of carbon to 1 part of
nitrogen, which is an important indicator to assess the soil quality conditions (USDA-NRCS,
2015). Another critical assessment for soil health is the aggregate stability. The integration of
biological, physical and chemical processes promotes the union of soil particles through the
interaction of microbial activity, root exudates, and organic matter. In a laboratory study with a
Vertisol (high shrink-swell clay content) soil type, biochar application improved the aggregate
stability by increasing the soil particles cohesion through reacting with the clay and binding
micro-aggregates into stable macro-aggregates, which increases the pore size area (Sun and Lu,
2014).
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2.8. Soil microbial community
The diversity of microorganisms as an indicator of soil quality has been widely used,
especially in the last decade, with the advent of analytical techniques that have favored the
evaluation of microorganisms in environmental samples (Hatfield, 2018; Schloter et al., 2003;
Visser and Parkinson, 1992). The diversity of microbes within the soil is vast and unknown as
one gram of soil can contain 10 billion microorganisms, representing thousands of species
(Wang et al., 2018a). In an agroecosystem, the variation of microbial diversity throughout the
seasons of the year is still not well understood, since in each season a dominant microbial
community seems to occur (Berthrong et al., 2014). These variations are directly related to the
water regime and the climate of the region, to the soil structure and management, and to the
content and quality of the vegetal residues (Bamminger et al., 2016).
A soil with a high content of organic matter tends to keep the microbial population more
stable throughout the year, probably due to the richness of ecological niches provided by the
heterogeneity of the carbon sources (Van Der Heijden et al., 2008). Although nitrogen
fertilization negatively affected microbial diversity and biomass in soils under pasture due to a
limited availability of carbon (Berthrong et al., 2014; Geisseler et al., 2016). Bacterial biomass
tends to overcome fungal biomass under elevated soil nitrogen content (Wang et al., 2015). In
soils, microhabitats with different physical-chemical gradients and discontinuous environmental
conditions are found, and the microorganisms adapt to these microhabitats living in consortium
with other organisms (Aguilera et al., 2016). Interactions between different life forms and with
the environment control the structure and diversity of the microbial community (Sun et al.,
2018).
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Fungi can produce organic acids through the degradation of litter, which are involved in
soil mineral complexes that release unavailable nutrients form plants (Bani et al., 2018). Fungi
community comprises one of the most critical microbial functional groups in the soil due to their
contribution to nutrient cycling, promotion of plant growth and induction or suppression of
diseases, as well as being capable of decomposing more recalcitrant organic substrates.
Saprophyte fungi represent the greatest proportion of fungal species in the soil and play a crucial
role in the decomposition of structural polymers of plants, such as cellulose, hemicellulose, and
lignin, contributing to the overall maintenance of the carbon cycle (Müller et al., 2017).
On the other hand, bacteria could be more involved in the aerobic degradation of some
complex organic molecules such as proteins, cellulose, and chitin, being important in the
degradation of vegetal material deposited in the soil surface. Bacteria also participate in the
degradation of aromatic compounds related to lignin (Ceballos et al., 2017; Ma et al., 2018).
Bacteria also play essential roles in the soil as degraders of organic matter (Tyc et al., 2017).
They are involved in the processes of oxidation and reduction of sulfur, iron, arsenic, and
manganese (Qiao et al., 2018) and are closely related to the availability of nitrogen, taking part in
the processes of ammonification, nitrification, denitrification and biological fixation of N2 (Che
et al., 2018; Nie et al., 2018; Wang et al., 2018b).
Soil management practices affect soil microbial communities. Tillage and monoculture
decrease the microbial protected habitats by disrupting aggregates and mycorrhizae, compacting
the soil, decreasing the water-holding capacity, minimizing infiltration and aeration, reducing the
microbial activity, diversity and abundance hence decreasing the nutrient cycling and
mineralization of organic matter (Zhang et al., 2018b). Sustainable agricultural management
improves soil aeration, aggregate stability, water-holding capacity and provides ideal conditions
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for nutrient cycling and organic matter content to increase. Therefore, the microbial community
will grow in diversity, abundance, and activity as result of readily available nutrients and
adequate habitats to colonize (Wang et al., 2017).
Biochar has been found to affect microbial community in soils. Bamminger et al. (2016)
found that fungi were responsible for the initial decomposition of recalcitrant biochar carbon
only after three months of application. Biochar application showed to improve soil conditions to
different groups of microorganisms, which increased microbial diversity in the soil (Lehmann et
al., 2011). Ameloot et al. (2015) conducted a review on biochar and soil organisms interactions
and observed two phases of biochar mineralization rates: an initial rapid mineralization of labile
compounds and a slower mineralization of stable aromatic components. As a result, biochar may
be a source of substrate for soil microbes (Yoo and Kang, 2012). Biochar also can provide
habitat and protection to microbes within the micropores of biochar (Ameloot et al., 2013).
Nitrogen stabilizers are applied to inhibit nitrogen transformations mediated by microorganisms.
Although NBPT+DCD showed to reduce the abundance of ammonia oxidizing bacteria (Di et
al., 2009), recent studies showed that the use of DCD to pasture soils did not affect other
microbial communities (Di et al., 2011; Guo et al., 2013; O’Callaghan et al., 2010).
Addition of poultry litter in soil increased labile carbon and mineralizable and inorganic
nitrogen which increased microbial biomass (Franzluebbers et al., 2004). Previous studies found
that inorganic fertilizer decreased bacterial diversity whereas the organic fertilized increased
bacterial diversity in pasture soils (Jangid et al., 2008). In addition, other studies found that
organic soil amendments increased fungal and bacterial communities due to nutrient inputs
(Marschner et al., 2003; Tscherko et al., 2004; Wardle et al., 2004). However other studies
indicated that different organic amendments did not affect the bacterial and fungal communities
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(Bastida et al., 2008; Elfstrand et al., 2007). These results suggest that soil microbial
communities present a sensible responsiveness towards soil fertilization management practices,
which can be explored as an indicator of soil and environment interactions.
2.9. Use of herbicides in pastures
The cause of invasive plants in pastures is mainly due to inadequate practices of
management such as improper grazing management or number of hay cuttings as well as lack of
chemical-mechanical control at the ideal time to control unwanted plants. Another cause is the
soil chemical (deficiency of nitrogen, phosphorus, potassium, calcium, magnesium, sulfur, and
others) as well as physical (compaction) impoverishment. Lack or excess of water along with
cultivation of forage plants not adapted to local environmental conditions also facilitate weed
growth (Zimdahl, 2018b). The problem of weed invasion is directly related to the high capacity
and intensity of weeds to compete with grasses since weeds have some advantages in this
competition. Weed seedlings grow faster than pasture (Driscoll et al., 2014; Pembleton et al.,
2015). Weed plants have greater ability in capturing water and nutrients during critical periods
and increasing their leaf area rapidly. Furthermore, several species of weeds produce seeds with
the ability of dormancy, retaining their germination capacity for years (Bethke et al., 2018; Duke,
2018). Therefore, herbicides are used to eliminate the competition caused by weeds and to help
increase the biomass production in the pasture. The herbicides are generally classified as preemergent and post-emergent. Pre-emergent herbicides are those applied to the soil moving within
the plant by water absorption. Post-emergent herbicides are those applied to the leaves, which
react quickly at the point of contact or translocate from the leaves to the growth points (Marchi et
al., 2008).
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Planning weed control of a pasture involves the definition of type of herbicide to be used,
dosage and form of application which depends on various factors including pasture condition,
identification of invasive plants, type of foliage, stage of development and rate of infestation.
The use of herbicides considers the need to use personal protective equipment, calibration of the
sprayer, and the use of recommended rates. It is important to avoid application in periods of
drought, hours of heat, low relative humidity of the air (less than 60%), winds over 6 km h-1,
and/or rainy days. Also, the recommendation of the product label and the advice of the
technician should be followed (Zimdahl, 2018a).
The selectivity of the herbicides is mainly based on the plant's ability to rapidly
metabolize the herbicide forming non-phytotoxic compounds (Queiroz et al., 2016; Vidal et al.,
2017). Nicosulfuron (2-[[(4,6-dimethoxypyrimidin-2-yl) aminocarbonyl] aminosulfonyl]-N, Ndimethyl-3-pyridinecarboxamide) and Metsulfuron-methyl (methyl 2-[[[[(4-methoxy-6-methyl1,3,5-triazin2yl) amino] carbonyl] amino] sulfonyl] benzoate) are post-emergent herbicides
belonging to the chemical group of sulfonylureas, selective to bermudagrass and with a systemic
action which is rapidly absorbed through leaves and roots translocating throughout the plant. It
acts by inhibiting the enzyme acetolactate synthase (ALS), also called acetohydroxyacid
synthase (AHAS) of plant cell which is responsible for the synthesis of the amino acids valine,
leucine and isoleucine (Duggleby and Pang, 2000). Inhibition of this enzyme disrupts protein
synthesis by interrupting cell division approximately two hours after application. The affected
weed plants are initially yellowish turning into red-purple. Weed death usually occurs within 7 to
21 days, depending on the stage of the weed at the time of application. Oxadiazon ([2-tert-butyl4-(2,4-dichloro-5- isopropoxyphenyl)-∆-1, 3, 4-oxadiazolin-5-one]) is a pre-emergent herbicide
belonging to the chemical group of oxadiazoles which are used to control many annual kinds of
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grass and broadleaf weeds in the pasture. This herbicide inhibits the action of the enzyme
protoporphyrinogen oxidase (PROTOX) which results in the loss of chlorophyll, carotenoids,
and rupture of membranes which will rapidly dehydrate the organelles. In pre-emergence, this
herbicide causes the death of plants when they come into contact with treated soil areas during
germination; sensitive tissues suffer rapid necrosis and death caused by lipid peroxidation.
Indaziflam (N-[(1R,2S)-2,3-dihydro-2,6-dimethyl-1H-inden-1-yl]-6-[(1RS)-1 fluoroethyl]-1,3,5triazine-2,4-diamine) is a pre-emergent herbicide of the alkylazine chemical group selective to
forage that inhibits cellulose biosynthesis of grasses and broadleaf weeds. It reduces the
emergence of seedlings by interrupting cellulose polymerization from glucose incorporation into
acid-insoluble or crystalline cellulose (Brabham et al., 2014).
All herbicides applied in agricultural areas eventually reach the soil, regardless if it is a
post-emergent or a pre-emergent. Consequently, it is necessary to understand the interactions of
herbicides and soil in order to develop proper management and minimize any environmental
hazard. A significant result of these interactions is the effect on GHG emissions as influenced by
soil fertility and microorganisms. In general, herbicides are subject to be adsorbed onto colloidal
complex in soil which protects the herbicide molecule to be degraded by microbes and nonenzymatic reactions (Sadowski et al., 2000). High organic matter content has been shown to
increase herbicides degradability due to greater microbial activity (Singh et al., 2016). Microbial
degradation proceeds by dehalogenation, dealkylation, decarboxylation, oxidation, hydrolysis,
hydroxylation, ether cleavage, conjugation, and ring cleavage, all of which lead to a decrease in
phytotoxicity (Zimdahl, 2018a). Depending on the specific class and type, the presence of
herbicides may reduce (Lin et al., 2008; Xie et al., 2004), stimulate or have no effects on the
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microbial community and its functions (García-Delgado et al., 2018; Hussain et al., 2009;
Mukherjee et al., 2016).
Greater CO2 emissions and lower microbial biomass may indicate an increase of
microbial metabolic activities which may be due to a detrimental effect from herbicide
application since the microorganisms spend more energy for cell maintenance under stress
conditions (Anderson and Domsch, 1993; Moreno et al., 2007). A previous field study in
Belgium showed that application of nicosulfuron (sulfonylurea) had no effect on methaneoxidizing bacteria (methanotrophs) community and no significant effect on CH4 emission from
the soil (Seghers et al., 2005). In a study in China, the application of bensulfuron-methyl
(sulfonylurea group) significantly reduced N2O emission by 31% and 27% from wheat and rice
fields respectively, suggesting that the herbicide could decrease ammonium nitrogen content
and/or decreased the abundance of denitrifying bacteria (Jiang et al., 2015). Moreover, Jiang et
al. (2015) reported that butachlor (chloroacetanilide group) reduced CH4 emission by 58% from
rice field and attributed the effect to enhanced soil nitrate content and urease activity. In a study
conducted in Colorado, the use sulfonylurea herbicide application on grasslands increased N2O
emission by 41% and CH4 consumption by 30% but chloroacetanilide herbicide had no effect on
GHG fluxes (Kinney et al., 2004).
2.10. Conclusion
Nitrogen availability and weed competition are the main limitations in forage production.
High rates of nitrogen fertilizer application to pastures have a great potential for losses in
gaseous (NH3, N2O) and liquid forms (NO3). Therefore, it is necessary to minimize these losses
by enhancing the efficiency of nitrogen fertilizer. The use of urease inhibitor (NBPT),
nitrification inhibitor (DCD) and biochar can stabilize the nitrogen fertilizer in soil and mitigate
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the environmental issues associated with nitrogen fertilizer application. These mitigation
technologies have been shown to be an effective tool for increasing agronomic attributes of
forage production systems by increasing yield and nitrogen recovery by the plants. Additionally,
the NBPT, DCD and biochar presented a promising effect on reducing the greenhouse gas
emissions from the pasture field contributing to alleviate the anthropogenic influence to climate
change. However, these technologies have not been evaluated in pasturelands in the southeastern
region of the United States. In addition, soil quality, which is directly related to carbon dynamics
and microbial community, is known to be influenced by fertilizer management and soil organic
matter characteristics. Moreover, the use of herbicides to control weed plants can alter soil
microbial metabolism and affect GHG emissions. There is not documented research evaluating
the effects of organic and inorganic nitrogen sources combined with biochar, NBPT and DCD on
a forage production system as well as the effect of herbicide on GHG emissions in southeastern
region of the United States.
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CHAPTER 3. NITROGEN FERTILIZER ENHANCEMENT TECHNOLOGIES ON
FORAGE GROWTH UNDER ORGANIC AND INORGANIC MANAGEMENT
3.1. Introduction
Bermudagrass (Cynodon dactylon L. Pers) is a highly productive warm-season perennial
grass distributed throughout the southern region of the United States. It is better adapted in areas
of relatively mild winters and can grow rapidly at air temperatures exceeding 38 °C (USDA,
2018). Financial and regulatory environmental responsibilities set limits and enforce the
necessity to mitigate excessive nutrient loss from the land. Among the essential nutrients N plays
a major role in the development and nutritional value of forages (Gelley et al., 2017). Grasses
prosper with nitrogen (N) fertilization and producers are confronted with the challenge to
improve plant production while minimizing nutrient losses. Consequently, N fertilization is
directly related to the hay yield (Gelley et al., 2017). Farming practices that enhance the N use
efficiency are crucial since N content is directly related to the crude protein concentration of the
plant biomass (Boisen et al., 1987). Crude protein is calculated from forage N concentration (N x
6.25), and provides energy and amino acids for rumen microorganisms as well as the animal
itself (Dewhurst et al., 2000).
Forage systems generally receive greater N application than cereals (Abalos et al., 2014).
In this regard, N rates for hay production ranges from 84 to 112 kg of N per hectare applied in
the spring before rapid growth begins and similar quantity after each harvest except the last
harvest in the fall (Lee et al., 2002; Twidwell and Eichhorn, 2010). The most commonly used
fertilizer in pastures is urea (CH4N2O), which has the greatest N content of all solid nitrogenous
fertilizers in common use (McKenzie, 2005). The N uptake from urea is rapid resulting in almost
no remaining N available after the harvest. However, since N fertilizer like urea is applied on the
soil surface, there is a great potential of loss during warm weather by N volatilization. Therefore,
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a strategy to reduce the loss of N fertilizer in the pasture is urgently needed. Generally, there are
two strategies to reduce N fertilizer losses: one is to develop a new N source with a small loss of
N and the other is to minimize the loss of existing N fertilizer (urea) by using N stabilizers.
Since cattle manure contains significant amounts of N and other essential plant nutrients,
it has been studied by many researchers for decades as one of the most effective source of N
fertilizer (Cavalli et al., 2016; Guo et al., 2016; Schröder et al., 2013). An important benefit is
that manure application increases soil organic matter which is energy source for billions of soils
microbes (Heinze et al., 2010; Sradnick et al., 2018). Healthy microbial populations are
necessary for plant health because organic matter mineralization releases available nutrients to
the plants (Khaliq et al., 2006). A few of the benefits of manure fertilizer include the slowrelease of N which leads to a more efficient utilization of nutrients by the plant, reduced nutrient
losses, and longer nutrient availability in the soil (Long et al., 2018). Additionally, considering
the economical aspect of inorganic fertilizer sources, cattle manure has been attracting the
attention of many researchers because it plays an excellent role as a source of N as well as other
nutrients (Kahiluoto et al., 2015; Smith and Williams, 2016). Despite these advantages, cattle
manure has also been pointed out to be a potential source of water and air pollution (Elsaidy et
al., 2015; Huijsmans et al., 2018; Manyi-Loh et al., 2016; Owen and Silver, 2015). Therefore,
additional managements that can reduce the loss of N and enhance the N use efficiency are
needed.
N stabilizers are used as a tool to decline the losses of N fertilizer by delaying urea
hydrolysis [N-(n-butyl) thiophosphoric triamide (NBPT); urease inhibitor] and bacterial
oxidation of ammonium [dicyandiamide (DCD); nitrification inhibitor]. In an incubation study
with soils from pasturelands in New Zealand, DCD applied at relatively low rates slowed down
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the nitrification rate by 50% in that soil and two applications of DCD (10 kg ha-1) was better than
a single application at twice the rate (Guo et al., 2014). In Brazil, the use of N stabilizers was an
efficient strategy to increase corn yield by 1.5 ton ha-1 and N recovery by 35% (Martins et al.,
2017). A study in Georgia compared different enhanced-efficiency N fertilizers in bermudagrass,
results presented that NBPT+DCD reduced ammonia volatilization by 46% and increased N
efficiency use by 13% under conditions of high temperature and humidity, absence of rainfall
event within a few days of N application and soil pH near neutral (Connell et al., 2011).
Most recently, the application of biochar to soils as a potential tool to sequester carbon
(C) into the soil and to improve plant productivity has demonstrated an inconsistency on results
(Ahmed, 2015). Biochar has direct and indirect effects on soil chemical, physical and microbial
attributes by altering pH (Jia et al., 2013), nutrients availability to plants (DeLuca et al., 2015),
and microbial communities (Lehmann et al., 2011; Warnock et al., 2007). Limitations of the sites
relative to soil texture, nutrient contents and climate should be considered before the use of
biochar as a soil amendment (Atkinson et al., 2010; DeLuca et al., 2015). Some of the positive
effects of biochar include nutrients addition (N, P, K, Ca, Mg and Zn), soil pH increase and
cation exchange capacity improvement (DeLuca et al., 2015). Several researchers have reported
the effect of biochar as a soil remediation agent. For example, in a calcareous soil under corn
silage, manure increased yield and soil total N however the addition of biochar did not have any
effect in the first year and decreased yield in the second year because inhibited manure
mineralization (Lentz and Ippolito, 2012). Biochar application increased bermudagrass growth
rate, increasing water retention and cation exchange capacity in an alkaline soil (Artiola et al.,
2012). A single application of biochar to a Colombian Oxisol for 4 years increased corn yield
after the first season. These results were attributed to an increase in Ca and Mg availability in the
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soil (Major et al., 2010). In a study in Florida, biochar amended soils increased sugarcane
biomass and sucrose by approximately 30% (Alvarez-Campos et al., 2018).
The effects of biochar and N stabilizers on N efficiency are relative to soil characteristics,
cultivated crops, N source and climate (Cai and Akiyama, 2017). Several studies reported the
effects of biochar and N stabilizers on soil chemical properties, N efficiency and plant nutrient
uptake in soils treated with organic and inorganic fertilization, although comprehensive
information in forage production systems from humid subtropical region is still limited.
Therefore, the purpose of this study was to evaluate cattle manure and urea as N sources
combined with biochar and N stabilizer (NBPT+DCD) in a perennial pasture area
(bermudagrass) intended for haymaking.
3.2. Material and methods
3.2.1. Site description
The study was conducted in 2015 and 2016 growing seasons on established bermudagrass
pasture at the Louisiana State University Agricultural Center (LSU AgCenter) Iberia Research
Station (IRS) located in Jeanerette, LA (29°57′54″ W; 91°42′54″ N; elevation 5.5 m). The soil
type was classified as Baldwin silty clay loam (fine, smectitic, hyperthermic, Chromic Vertic
Epiaqualfs) with 98% of hydric components according to USGS Web Soil Survey (NRCS,
2018). Bermudagrass on the site were used to hay production and there were no animals grazing
on the field.
3.2.2. Weather data
Daily information on average, maximum and minimum temperatures (°C) and
precipitation (mm) were obtained from a weather station located at the Iberia Research Station.
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3.2.3. Treatments
All fertilized treatments had N applied at 224 kg of N per ha-1 yr-1 as recommended by
LSU AgCenter. Urea and the urea+ N-stabilizers (urea coated with 0.09% NBPT and 1.05%
DCD) were applied at a rate of 487 kg per hectare per season in two split applications of 243.5
kg ha-1, with the first application on day 0 of the experiment and the second application on day
60 in 2015 and on day 45 in 2016. At each application of urea or urea with N-stabilizers,
granular fertilizer was uniformly top-dressed by hand over the plots each time.
At the research station, fresh manure was collected from pens where cows were fed hay
ad libitum. Manure was collected 3 times in one week and stored in bags until we had the
amount necessary of manure to achieve the required N rate on a wet weight basis. Manure rate
was calculated based on 50% of the N content in manure were in chemical forms that are
available for plants to take up (Chambers et al., 1999; Muñoz et al., 2004). Manure contained
little or no straw and comprised 72.4% of moisture at the time of application. The resulting rate
of 18 Mg ha-1 of manure on dry weight basis (average 2.5% nitrogen content) was applied only at
the beginning of each experiment to supply nitrogen for two harvests in both years.
Biochar (Waste to Energy Solutions Inc., Destin, FL, USA) was produced from pine
woodchip using pyrolysis at 500 °C. It had 98.9 g kg-1 of ash content, determined using ASTM
standard D1762-84 (2013), and the pH was near neutral (Table 3.1), which is low compared with
the pH range normally observed for most biochars (Xu et al., 2011). The application rate of
biochar was 10 Mg ha-1 (on dry weight basis) applied manually surface broadcast in the
respective plots only at the beginning of each year. The N stabilizer solution containing 6.5%
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NBPT and 81.2% DCD was pulverized using a backpack sprayer over the plots with manure and
without any N fertilizer at the beginning of both harvests at a rate of 5.6 kg ha-1 of N stabilizer.
3.2.4. Experimental design
The experimental design was a randomized complete block design with four replicates.
Treatments consisted of a factorial combination of three N fertilization managements (no N
fertilizer, manure and urea) and three soil technologies (none, pine hardwood biochar and
NBPT+DCD) with season (year) and harvest as repeated measures. There were total of nine
treatments 1) control (CT) without N fertilizer or amendment application; 2) pinewood biochar
(BC); 3) N-stabilizers - NBPT+DCD (NS); 4) manure (MA); 5) manure + pinewood biochar
(MB); 6) manure + NBPT+DCD N-stabilizers (MS); 7) urea fertilizer (UR); 8) urea + pinewood
biochar (UB); and 9) urea + NBPT+DCD - N-stabilizers (US). Each plot was 4.0 m wide and 2.5
m long (plot area equal to 10 m2) and separated by a 1 m wide buffer. The blocks were allocated
based on the slope of the area and all the treatments were randomly distributed within each
block.
3.2.5. Sampling and analysis
Soil samples were collected from the site before the treatments were applied, at the same
time of each hay harvest and after one year of treatments application. The samples were collected
from the top mineral soil layer (0-10 cm) using a soil probe. Each sample was a composite of six
cores collected from each plot. Soil pH was determined after equilibrating 10 g of dry soil with
10 mL of deionized water for 30 min and measured using a pH-meter (McLean, 1982). Soil total
C and total N contents were determined by dry combustion (McGeehan and Naylor, 1988) using
a macro elemental CHNOS analyzer (Vario EL Cube, Elementar Americas Inc., Mt Laurel, NJ).

69

Extractable elements (P, K, Ca, Mg, S, Cu and Zn) were extracted using Mehlich 3 (Mehlich,
1984) and quantified using an inductively coupled plasma spectrometer (ICP-OES, SPECTRO
Analytical Instruments, Kleve, Germany). Chemical characteristics of the background soil,
biochar and manure are presented in Table 3.1.
Table 3.1. Pre-treatment soil, biochar and manure chemical attributes
Extractable nutrients¥
§
pH Total C Total N
P
K
Ca
Mg
S
Cu Zn
-1
-1
-------g kg ------- -------------------------mg kg -----------------------Soil
5.6
22.09
2.19
30
209
3515
812 10
3
3
Biochar 6.5 520.16
7.03
911 2086
6570 1310 603
8 44
Manure 8.0 368.01
25.58
6628 5018 14134 6172 308 14 52
§
¥

pH at 1:1 soil/water solution ratio.
Plant available elements were done using Mehlich-3 extraction followed by ICP analysis

Hay was harvested twice during each year, the harvests occurred on August 26 and
October 10 in 2015 and on July 6 and September 9 in 2016. The cuts were performed by clipping
using a hand-held clipper at 2 cm above the ground inside 1 m2 frame, which was randomly
placed within each plot. Biomass was transferred to a paper bag, dried for 48 h at 55 °C and
weighed for yield assessment. Hay yield was determined on a dry matter (DM) basis. The dried
forage samples were ground to pass through a 2 mm screen using a Wiley Mill and reground to 1
mm using a Cyclone Mill. The ground samples were then used to determine forage nutrient
content. Plant total mineral content (P, K, Ca, Mg, S, Cu, and Zn) was determined by a
concentrated nitric acid (HNO3) and hydrogen peroxide (H2O2) digestion (Jones Jr, 2001)
followed by analysis using an inductively coupled plasma spectrometer (ICP-OES, SPECTRO
Analytical Instruments, Kleve, Germany). The plant mineral content was used to estimate the
amount of each element extracted by the forage based on hay dry biomass (McLaughlin et al.,
2004). Plant total C and total N analysis were carried out using a macro elemental CHNOS
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analyzer (Vario EL Cube, Elementar Americas Inc., Mt Laurel, NJ) and results were converted
into protein content using the factor 6.25 (Boisen et al., 1987).
3.2.6. Nitrogen fertilizer efficiency
N fertilizer efficiency was estimated using calculated indexes to simplify the
understanding and comparison of the results. Production efficiency (PE) of N sources or
responsiveness to N index was used to compare bermudagrass hay productivity as described in
other reports (Connell et al., 2011; Silveira et al., 2007; Timberlake, 2015). The index was
calculated using the Eq. [1]:
Forage yield
Production efficiency = N application rate

[1]

N uptake was calculated based on biomass total N concentration and yield of each
treatment. The percentage of applied N recovered in the forage was calculated using Eq. [2],
used by Connell et al. (2011) and Silveira et al. (2007):
N recovery (%) =

N uptake (fertilized plot) - N uptake (control plot)
x 100
N application rate

[2]

3.2.7. Statistical analysis
All data were analyzed using the MIXED MODEL procedure on SAS JMP 14 (SAS
institute, Cary, NC, 2018). N fertilization management, soil technology, harvest and year were
considered fixed variables and blocks were random variables. Means separation was performed
using the least square means test on SAS JMP 14. The effects of treatments on response
variables were considered different when P ≤ 0.05. Interactions not presented were not
significant (P > 0.05). The Tukey’s post-hoc test was used to evaluate the main factors effect
when differences were significant.
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3.3. Results and discussion
3.3.1. Precipitation and Temperature
Jeanerette annual average temperature is 20.15°C and annual average precipitation is
1600 mm according to data from 1981 to 2010 provided by the National Climatic Data Center
(NOAA, 2018). On average the temperature during the growing seasons of both years was very
similar. In 2015 the average temperature during the experiment was 25.97 °C and in 2016 was
26.55 °C which was near the historic average temperatures for the same period (25.84 °C and
26.5 °C respectively). Although the temperature decreased at the end of the 2015 season since it
extended until the middle of Fall season (Figure 3.1). Total precipitation for 2015 growing
season (June 29 - October 10) was 83 mm less and for the 2016 growing season (May 24 September 9) was 528 mm greater than the historical precipitation average (Figure 3.2).
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Figure 3.1. Daily average, maximum and minimum temperatures (°C) during the bermudagrass
growing season for June 29 - October 10 (2015) and May 24 - September 9 (2016).
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Figure 3.2. Total precipitation (mm) during the bermudagrass growing season and historic data
for June 29 - October 10 (2015) and May 24 - September 9 (2016).
3.3.2. Soil chemical properties
The fertilization management, soil technology, harvest date and year did not affect
significantly (P > 0.05) the soil pH and extractable Ca, Mg, Cu, and Zn (Table 3.2). These results
were similar to those reported in a previous study with an irrigated silt loam soil in Idaho, in
which biochar application did not alter the soil pH (Lentz and Ippolito, 2012). However, high
rates of biochar application (greater than 50 tons ha-1) increased soil pH in a laboratory
incubation experiment (Chan et al., 2008). Manure fertilizer increased the soil total C by 14.90%,
total N by 34.60%, plant available P by 31.78%, plant available K by 25.78%, and plant
available S by 6.54% (P < 0.05). Urea fertilizer increased the soil total N content by 31.27% (P <
0.05). Other studies found that N fertilizer promoted an increase on C and N content in the soil
due to an increase of plant biomass (Jagadamma et al., 2007; Jenkinson et al., 1994; Ogle et al.,
2005). Previous studies found that cattle manure application increased soil fertility relative to
macro- and micro-nutrients and increased soil C and N contents (Bechini and Marino, 2009;
Matsi et al., 2015; Nevens and Reheul, 2005). The increase in plant available P after manure
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application was observed in other studies and attributed that effect to a high concentration of
inorganic P in the organic fertilizer (Alvarez, 2005; Dillard et al., 2015; Limpens et al., 2004).
The higher K+ content in the soil after manure application was due to manure
mineralization, which released the ions K+ and NH4+ in soil solution. The ions K+ and NH4+ have
the same valence and radius size and as a consequence they compete for the same exchangeable
sites of soil colloidal particles (Mengel, 2016; Moradzadeh et al., 2014). Therefore, adding NH4+
to the soil will displace K+ into soil solution increasing its availability. Several studies reported
that the affinity of both ions to the same exchangeable soil sites promoted an increase of
exchangeable K+ content after an increase of ammonium concentration in the soil (Bar Tal, 2011;
Huo-Yan et al., 2010).
Biochar increased the soil total C by 13.89%, total N by 13.98%, and extractable S by
9.44% (P < 0.05). The increase on soil C concentration by biochar was due to the high
concentration of this element on the amendment. Our results confirmed those found by Steiner
(2008), which higher total C content was significantly higher on the soils under treatments
containing biochar. The increase of N in the soil by biochar was likely due to nitrification and
denitrification inhibitor compounds, which may have reduced the N losses (Spokas, 2013; Van
Zwieten et al., 2010). The increase of extractable S by biochar application was probably due to
the higher content of this element relative to the soil. However, some studies reported a decrease
of extractable S after biochar application and that was explained by the high specific surface area
of the biochar promoting adsorption of the element which tightly binds as oxyanions to the
biochar decreasing the concentration in soil solution becoming unavailable for plants to extract
(Laird et al., 2010; Namgay et al., 2010). Increase in S content in soil is directly related to the
increase of organic compounds since it is a constituent of several amino acids (Evans, 2018).
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Thus, the accretion of C and N concentration enhances sulfur content as reported by other studies
evaluating N fertilizers and biochar application effects on soil nutrient dynamics (DeLuca et al.,
2015; Yuan et al., 2015; Zhao et al., 2006).
The N stabilizer NBPT+DCD increased the soil total N by 13.56% (P < 0.05).
Additionally, NBPT+DCD improvement of soil N concentration was due to the inhibitory effect
on the conversion of urea into NH4+ and on the conversion of NH4+ into NO2- which may had
increased the N stability in the soil (Ennis et al., 2012; Steiner, 2008). The soil collected after the
first harvest presented a higher content of C, N, P, S, and Zn (P < 0.05). The carbon content in
the soil was greater in 2016 probably due to a greater amount of rainfall that occurred that year,
which may have carried the manure and biochar deeper into the soil profile.
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Table 3.2. Effect of fertilizer management, soil technology, harvest date and year on soil pH, total C, total N, and extractable nutrients.
pH
Total C
Total N
P
K
Ca
Mg
S
Cu
Zn
----------g kg-1 --------- -------------------------------------mg kg-1------------------------------------Fertilizer
Without fertilizer
5.53
23.62b
2.11c
20.20b
163.91b
3328.21 749.60 13.46b 2.87
2.66
Manure
5.57
27.14a
2.84a
26.62a
206.16a
3443.24 778.89 14.34a 2.88
2.85
Urea
5.56
23.96b
2.77b
20.77b
163.96b
3444.13 762.52 13.44b 2.89
2.56
SEM
0.03
0.23
0.02
1.82
5.99
50.43
22.89 0.20 0.08
0.19
P-value
0.4908 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.2396
0.2115 0.0027 0.8951 0.0549
Soil technology
Without technology
5.55
23.83b
2.36b
21.56
179.28
3330.77 756.67 13.03b 2.85
2.61
Biochar
5.56
27.14a
2.69a
22.38
178.36
3389.44 754.68 14.26a 2.90
2.78
NBPT+DCD
5.55
23.75b
2.68a
23.66
176.40
3495.44 779.66 13.95b 2.89
2.66
SEM
0.03
0.23
0.02
1.82
5.99
50.43
22.89 0.20 0.08
0.19
P-value
0.9746 < 0.0001 < 0.0001 0.3379
0.8875
0.1083
0.2484 0.0001 0.6750 0.3654
Harvest
1st Harvest
5.55
25.59a
2.61a
23.89a
182.11
3461.13 764.63 14.15a 2.87
2.82a
2nd Harvest
5.57
24.22b
2.54b
21.17b
173.92
3349.26 762.71 13.34b 2.89
2.55b
SEM
0.02
0.18
0.01
1.73
5.46
38.99
21.88 0.16 0.08
0.19
P-value
0.4197 < 0.0001 < 0.0001 0.0218
0.0985
0.0832
0.8868 0.0009 0.6132 0.0069
Season
2015
5.54
24.59b
2.58
23.49
186.77a
3423.13 773.06 13.95 2.93a 2.75
2016
5.57
25.22a
2.57
21.58
169.25b
3387.25 754.28 13.54 2.83b 2.62
SEM
0.02
0.18
0.01
1.73
5.46
38.99
21.88 0.16 0.08
0.19
P-value
0.1306 0.0307
0.7538
0.1041
0.0005
0.5760
0.1672 0.0907 0.0110 0.1664
Within a column treatment means followed by the same letter are not significantly different at α level of 0.05 (ANOVA; Tukey post-hoc test). SEM =
Standard error of mean.
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3.3.3. Residual effect in soil chemical properties
Fertilization management had a significant residual effect (P < 0.05) on soil total C
concentration (Table 3.3). Manure and urea fertilizers improved soil total C concentration by
30.04% and 21.53%, respectively. Soil technology application also presented a significant
residual effect on soil total C concentration, which was improved by biochar application by
17.79%. That is due to the C content in the biochar presents to be in highly stable form which
enhances the longevity of this element into the soil (Lehmann et al., 2006).
The interaction of fertilization management and soil technology application had a
significant residual effect (P < 0.05) on the soil total N concentration (Table 3.4). Biochar and N
stabilizer improved the residual effect of both fertilizers on soil total N concentration after one
year of application. These results are in accordance with the ones found on a previous study, in
which biochar combined with N fertilizer decreased the fertilizer rate applied on the second
season of corn (Widowati et al., 2012). Recent studies also reported a residual effect of
nitrification inhibitors applied in combination with N fertilizer and attributed that to an increase
of microbial biomass and NH4+ content in the soil after nitrification inhibitor combined with N
fertilizer application (Alonso-Ayuso et al., 2016; Ma et al., 2015).
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Table 3.3. Effect of fertilizer management and soil technology on soil pH, total C, total N, and extractable nutrients after one year
of application.
pH
Total C
Total N
P
K
Ca
Mg
S
Cu
Zn
-1
-1
----------g kg --------- -------------------------------------mg kg ------------------------------------Fertilizer
Without fertilizer
5.96
24.66b
2.23c
28.35
145.62
3393.87 734.91 14.32 2.90
2.61
Manure
6.01
25.90a
2.90a
32.69
138.93
3478.92 736.14 14.99 3.05
2.88
Urea
5.91
26.58a
2.71b
27.03
137.42
3481.08 741.90 14.69 2.92
2.73
SEM
0.04
0.24
0.05
3.39
7.05
61.56
11.67 0.44 0.08
0.29
P-value
0.3679 0.0002
< 0.0001 0.1357
0.4470
0.4276
0.8847 0.5504 0.3165 0.5790
Soil technology
Without technology
5.89b
23.95c
2.53
30.67
139.53
3422.39 739.14 14.80 3.06
2.98
Biochar
6.09a
28.21a
2.68
26.89
142.08
3433.15 734.99 14.38 2.93
2.68
NBPT+DCD
5.90b
24.97b
2.63
30.50
140.35
3498.33 738.83 14.80 2.87
2.56
SEM
0.04
0.24
0.05
3.39
7.05
61.56
11.67 0.44 0.08
0.29
P-value
0.0144 < 0.0001 0.0679
0.3408
0.9288
0.5563
0.9540 0.7262 0.2374 0.2563
Within a column treatment means followed by the same letter are not significantly different at α level of 0.05 (ANOVA; Tukey post-hoc test). SEM =
Standard error of mean.
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Table 3.4. Effect of fertilizer management and soil technology interaction on soil total N content
after one year of application.
Treatments
Total N (g kg-1)
Control
2.30c
Biochar
2.13c
NBPT+DCD
2.25c
Manure
2.83ab
Manure + Biochar
2.98a
Manure + (NBPT+DCD)
2.92a
Urea
2.45bc
Urea + Biochar
2.93a
Urea + (NBPT + DCD)
2.74ab
SEM
0.08
P-value
0.0093
Within a column treatment means followed by the same letter are not significantly different at α level of 0.05
(ANOVA; Tukey post-hoc test). SEM = Standard error of mean.

3.3.4. Hay nitrogen efficiency use
The N fertilization management, soil technology application, harvest date and year
presented significant effects (P < 0.05) on hay yield, crude protein content, production
efficiency, N uptake and N recovery (Table 3.5). Manure and urea fertilizers increased the hay
yield, the crude protein content and N uptake by the forage. Urea fertilizer showed a higher
production efficiency and N recovery than the manure fertilizer. Biochar and N stabilizer
increased hay yield, crude protein content and N uptake by the forage. Forage from plots with
NBPT+DCD presented greater crude protein content due to a greater N uptake than the forage
from the plots with biochar. In addition, the application of N stabilizer improved the N recovery
by the plants from the N fertilizers. The first harvest presented greater values on all N efficiency
variables with the exception of the crude protein concentration in the forage. The first year
(2015) presented greater hay yield and crude protein content; however, the second year (2016)
presented greater production efficiency, N uptake and N recovery.
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Table 3.5. Effect of fertilizer management, soil technology, harvest date and year on hay yield, crude protein content, production
efficiency, N uptake and N recovery.
Yield
Crude Protein
Prod. efficiency
N uptake
N recovery
kg DM ha-1
g kg-1
kg DM kg-1 N
kg N ha-1
kg DM kg-1 N
Fertilizer
Without fertilizer
2561.28b
83.57b
33.86b
Manure
4582.79a
93.58a
6.02b
68.38a
10.28b
Urea
4542.11a
95.00a
17.69a
67.88a
30.38a
SEM
74.29
0.52
0.74
1.31
1.10
P-value
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
Soil technology
Without technology
3592.70b
86.15c
11.87
49.48c
17.76b
Biochar
3997.86a
90.45b
11.39
58.12b
20.69ab
NBPT+DCD
4095.63a
95.55a
12.29
62.53a
22.53a
SEM
74.29
0.52
0.78
1.31
1.17
P-value
< 0.0001
< 0.0001
0.3090
< 0.0001
< 0.0001
Harvest
1st Harvest
4376.74a
86.51b
14.09a
61.25a
22.78a
nd
2 Harvest
3414.04b
94.92a
9.61b
52.17b
17.87b
SEM
70.22
0.45
0.74
1.24
1.10
P-value
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
Season
2015
4008.66a
91.96a
11.08b
58.12a
18.69b
2016
3782.13b
89.47b
12.62a
55.30b
21.96a
SEM
70.22
0.45
0.74
1.24
1.10
P-value
< 0.0001
< 0.0001
0.0017
0.0009
0.0002
Within a column treatment means followed by the same letter are not significantly different at α level of 0.05 (ANOVA; Tukey post-hoc test). SEM =
Standard error of mean.
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Soil technology significantly (P < 0.05) affected hay yield in each harvest across year.
Therefore, biochar and NBPT+DCD effects were analyzed for manure and urea fertilizer
separately. In all four harvests, manure combined with NBPT+DCD obtained higher yield values
and did not present any significant difference compared to manure combined with biochar
treatment in the 2016 growing season (Figure 3.3). Both of soil technologies combined with
manure improved the yield when compared with manure alone treatment (P < 0.05). In 2015,
biochar increased 14% and 7% and NBPT+DCD increased 20% and 10% the yield over manure
alone treatment on the first and second harvest, respectively. A recent meta-analysis showed that
NBPT+DCD was more effective than biochar on improving forage yield from a field fertilized
with cattle urine (Cai and Akiyama, 2017).
In 2016, biochar increased yield by 27% and 6% and NBPT+DCD increased yield by
31% and 8% on the first and second harvest, respectively. This is in accordance with several
studies that have showed that biochar and NBPT+DCD addition enhanced the productivity of
plants by improving N utilization from organic N fertilizer (Hall and Bell, 2015; Lentz et al.,
2015; Yue et al., 2017). That improvement was due to a reduction of N losses from the fertilizer
by mitigating NH3 volatilization, N2O emission and NO3 leaching (He et al., 2017; Rose et al.,
2018).
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Figure 3.3. Hay yield (kg ha-1) means ± SE of manure treatments within each harvest across
year. Letters show significant difference at α level of 0.05 (ANOVA; Tukey post-hoc test).
The effect of biochar and NBPT+DCD on the yield from the urea fertilizer treatments
was consistent in each harvest across the years (Figure 3.4). Both soil technologies increased the
yield of the forage fertilized with urea (P < 0.05). In 2015, biochar increased 7% and 6% and
NBPT+DCD increased 11% and 8% the yield in the first and second harvest, respectively. The
yield in 2016 was 34% and 6% higher in biochar amended treatments and 25% and 31% higher
in NBPT+DCD treatments in the first and second harvest, respectively. The NBPT+DCD
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presented positive effects on yields on several previous studies, the increase of production was
related to suppression of N losses by ammonia volatilization and nitrate leaching (Forrestal et al.,
2016; Timberlake, 2015).
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Figure 3.4. Hay yield (kg ha-1) means ± SE of urea treatments within each harvest across year.
Letters show significant difference at α level of 0.05 (ANOVA; Tukey post-hoc test).
Some analyses were necessary for a better understanding of the N fertilizer efficiency as
crude protein concentration which is related to N content in forage biomass. The production
efficiency provides the effectiveness of the treatment yield relative to the control treatment yield.
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Plant N concentration calculated on a yield basis provides the efficacy of the treatment on N
uptake by the forage and N recovery is relative to the uptake and the quantity of the nutrient
applied as fertilizer.
Application of soil technology affected significantly (P < 0.05) the crude protein content,
production efficiency, N uptake and N recovery in each harvest across year (Table 3.6).
Therefore, we analyzed the effects of biochar and N stabilizers application on manure and urea
fertilization management separately. In 2016, on manure fertilized plots, NBPT+DCD improved
the crude protein content in the forage on the second harvest. However, some studies showed
that biochar decreased N content in plant tissue due to the strong adsorption of N by biochar
make the unavailable to the crop (Lehmann et al., 2003; Steiner, 2008). On urea fertilized plots,
biochar and NBPT+DCD improved the crude protein content in the forage, although
NBPT+DCD showed a greater improvement compared with biochar on both harvests in 2016.
This difference between the two soil technologies was likely due to an increase in soil C/N ratio
from biochar, which could lead to a temporary immobilization of N by microorganisms in the
soil (Nelissen et al., 2012).
Furthermore, in 2015, NBPT+DCD showed a greater improvement of the production
efficiency of manure and urea fertilizer on the first harvest compared with biochar and the results
were similar to levels reported by Silveira et al. (2007). In 2016, there was no difference between
the soil technologies and both of them improved the production efficiency on manure
fertilization management. The lower results of production efficiency of urea fertilizer in the
second harvest of 2015 season were due to low temperatures at the end of the forage growing
period after the first harvest.
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Table 3.6. Nitrogen efficiency indexes for manure and urea treatments within each harvest
across year.
2015
2016
st
nd
st
1 harvest
2 harvest
1 harvest
2nd harvest
-1
Treatments
Crude Protein (g kg )
MA
84.05
95.55
93.18b
86.37b
MB
86.06
98.29
97.25ab
97.06a
MS
86.41
99.01
101.46a
98.23a
SEM
2.16
2.41
1.12
1.53
P-value
0.5345
0.0540
0.0147
0.0005
UR
81.02b
101.07b
82.24c
84.81c
UB
86.93a
109.57ab
92.56b
93.25b
US
87.73a
117.80a
101.46a
101.58a
SEM
1.33
1.95
1.17
1.17
P-value
0.0126
0.0045
< 0.0001
0.0005
Production Efficiency¶ (kg DM¥ kg-1 N)
MA
6.23b
5.49b
5.63b
4.75
MB
6.10b
5.71ab
7.38a
4.82
MS
7.55a
5.96a
7.60a
4.97
SEM
0.21
0.27
0.48
0.29
P-value
0.0021
0.0100
0.0031
0.2016
UR
23.49ab
9.23
21.70
18.43
UB
20.95b
8.89
18.65
18.64
US
24.01a
9.33
19.83
19.07
SEM
1.98
2.18
2.10
0.86
P-value
0.0378
0.6684
0.4117
0.2016
Manure production efficiency = (Yield fertilized plot - Yield control plot) / 336 kg N ha −1.
Urea production efficiency = (Yield fertilized plot - Yield control plot) / 112 kg N ha−1.
¥
DM = dry matter.
Within a column treatment means followed by the same letter are not different at α level of 0.05 based on Tukey
test. SEM = Standard error of mean.
¶
¶

Biochar and NBPT+DCD improved N uptake by the forage (P < 0.05) in all harvests
across 2015 and 2016 on the manure fertilized treatments (Table 3.7). N uptake is relative to the
root system of the plant, therefore biochar and NBPT+DCD promoted the development of the
forage roots on the soil fertilized with manure as indicated by previous studies (Haider, 2017;
Kammann and Graber, 2015).
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Table 3.7. N uptake and recovery for manure and urea treatments within each harvest across
year.
2015
2016
st
nd
st
1 harvest
2 harvest
1 harvest
2nd harvest
‡
-1
N uptake (kg N ha )
MA
66.62b
58.85b
58.12b
53.84b
MB
77.67a
65.09a
77.23a
64.23a
MS
82.55a
67.09a
83.01a
66.28a
SEM
3.71
3.36
1.89
0.90
P-value
0.0025
0.0002
0.0001
0.0002
UR
71.30b
49.12c
58.23b
59.23c
UB
82.50a
56.09b
67.67b
68.71b
US
85.86a
62.07a
77.63a
76.16a
SEM
1.95
1.89
2.06
1.32
P-value
0.0008
0.0015
0.0026
0.0003
N recovery# (kg DM kg-1 N)
MA
9.59
8.49b
9.66b
7.67b
MB
10.33
9.30a
13.50a
10.32a
MS
11.87
8.94ab
13.84a
9.79a
SEM
0.55
0.68
0.75
0.55
P-value
0.0982
0.0265
0.0015
0.0024
UR
32.96
16.80
29.08
27.82c
UB
35.30
19.86
31.97
34.97b
US
38.56
22.33
36.72
38.17a
SEM
3.16
4.26
3.05
0.89
P-value
0.0775
0.0790
0.1561
0.0001
‡

N uptake = forage kg dry matter (DM) ha−1 × N concentration (kg kg-1).
Manure N recovery = (kg N ha−1 uptake fertilized plot - kg N ha−1 uptake control plot) × 100/336 kg N ha−1.
#
Urea N recovery = (kg N ha−1 uptake fertilized plot - kg N ha−1 uptake control plot) × 100/112 kg N ha−1.
¥
DM = dry matter.
Within a column treatment means followed by the same letter are not different at α level of 0.05 based on Tukey
test. SEM = Standard error of mean.
#

On treatments fertilized with urea, NBPT+DCD showed a greater improvement of N
uptake by the forage compared with biochar. Even though both of them increased the N uptake
from urea fertilizer. Biochar and NBPT+DCD improved N recovery from manure fertilizer,
however on the urea fertilized treatments that effect was observed only on the second harvest of
2016. Moreover, NBPT+DCD had a greater N recovery from urea than biochar.

86

3.3.5. Hay nutrient uptake
The N fertilization management, soil technology application, harvest date and year
presented significant effects (P < 0.05) on macro- and micro-nutrients uptake (Table 3.8).
Manure and urea fertilizers improved the uptake of macro- and micro-nutrients by the forage
likely due to the increase of forage yield by the fertilizers. Manure fertilizer presented a greater
increased on P, K and S uptake compared to urea fertilizer, which confirmed that cattle manure
can be used as a source of P, K and S (Matsi et al., 2015). While urea fertilizer presenter a
greater improvement of Ca, Mg and Cu uptake compared to manure fertilizer.
Biochar and NBPT+DCD improved macro- and micro-nutrients uptake also due to the
higher forage yield after the soil technologies application. However, biochar presented a greater
increase on P uptake compared to NBPT+DCD. The first harvest showed higher nutrient uptake
values than the second harvest. In addition, the 2015 season presented higher P, Ca, Mg, S and
Zn uptake, while the 2016 season presented higher Cu uptake by the forage. The levels of macroand micro-nutrients uptake by the forage were in accordance with the range in field conditions
presented by McCrimmon (2001).
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Table 3.8. Effect of fertilizer management, soil technology, harvest date and year on macro- and micronutrients uptake.
P uptake
K uptake
Ca uptake
Mg uptake
S uptake
Cu uptake
Zn uptake
-----------------------------------------------------------kg ha-1----------------------------------------------------------Fertilizer
Without fertilizer
7.00c
32.13c
9.27c
6.12c
5.55c
0.021c
0.091b
Manure
13.02a
72.94a
14.93b
9.81b
11.14a
0.039b
0.169a
Urea
9.60b
52.51b
17.12a
13.23a
9.37b
0.043a
0.176a
SEM
0.63
1.75
0.31
0.35
0.56
0.001
0.006
P-value
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
Soil technology
Without technology
9.08c
47.77b
12.75b
9.13b
7.95b
0.031b
0.135b
Biochar
10.66a
55.23a
14.34a
9.91ab
9.33a
0.036a
0.150a
NBPT+DCD
9.89b
54.58a
14.24a
10.13a
8.77ab
0.035a
0.152a
SEM
0.63
1.75
0.31
0.35
0.56
0.001
0.006
P-value
< 0.0001
< 0.0001
0.0006
0.0022
0.0004
< 0.0001
< 0.0001
Harvest
1st Harvest
10.97a
62.98a
16.16a
11.72a
9.47a
0.040a
0.162a
nd
2 Harvest
8.78b
42.07b
11.39b
7.72b
7.90b
0.028b
0.129b
SEM
0.62
1.64
0.25
0.33
0.55
0.001
0.006
P-value
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
Season
2015
11.59a
53.23
14.57a
10.00a
9.70a
0.027b
0.163a
2016
8.16b
51.81
12.98b
9.44b
7.68b
0.041a
0.128b
SEM
0.62
1.64
0.25
0.33
0.55
0.001
0.006
P-value
< 0.0001
0.2564
< 0.0001
0.0218
< 0.0001
< 0.0001
< 0.0001
‡

Nutrient uptake (kg ha-1) = forage kg dry matter (DM) ha-1 × Nutrient plant concentration (kg kg-1). Within a column treatment means followed by the same
letter are not significantly different at α level of 0.05 (ANOVA; Tukey post-hoc test). SEM = Standard error of mean.
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3.4. Conclusions
The N fertilizers and soil technologies did not affect the pH on the silty clay loam soil
indicating a high buffer capacity on that area. Manure and urea fertilizers increased the total C
and total N concentration in the soil, although manure had a greater increase than urea. That
effect persisted even one year after the application of treatments. In addition, manure presented
to be an efficient source of P, K and S to the forage. Biochar showed to be an efficient tool to
improve the C concentration in the soil and both soil technologies were able to improve the N
concentration in the soil. Urea fertilizer presented a greater production efficiency and N recovery
by forage plants compared with manure fertilizer. Biochar and NBPT+DCD increased forage
yield, crude protein content and N uptake. However, NBPT+DCD presented to be a better tool to
enhance the efficiency of manure and urea fertilizer in comparison with biochar. Our results
suggest that biochar and NBPT+DCD have the potential to increase forage yield and soil
chemical properties. Further research is necessary to understand long-term impacts of biochar
and NBPT+DCD with manure and urea fertilization managements in forage crop systems on
humid subtropical regions.
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CHAPTER 4. EFFECTS OF BIOCHAR AND UREASE AND NITRIFICATION
INHIBITORS ON GREENHOUSE GAS EMISSIONS FROM A PASTURE FIELD
UNDER ORGANIC AND INORGANIC FERTILIZATION
4.1. Introduction
Increases in greenhouse gas (GHG) concentration in the atmosphere due to anthropogenic
activity have led to an impact on the radiative balance of the planet (IPCC, 2015). The three
major GHGs related to agricultural activities and land use changes are carbon dioxide (CO2),
nitrous oxide (N2O), and methane (CH4). The atmospheric concentrations of CO2 (408 ppm),
N2O (330 ppb) and CH4 (1,860 ppb) in 2018 surpassed the annual average values from the last
100 years according to the National Oceanic and Atmospheric Administration (ESRL, 2018).
Carbon dioxide emissions from agricultural lands arise from respiration of plant roots, and
aerobic mineralization of soil organic matter (SOM) by soil microbes. On the other hand,
anaerobic mineralization of SOM by methanogens leads to CH4 emissions. Nitrous oxide is
released as a by-product of nitrification and denitrification and is highly influenced by the use of
nitrogen (N) fertilizers. Emission of these GHGs and their emission dynamics soils are
influenced by several environmental factors including soil moisture content, percent water filled
pore space, SOM level, soil temperature, and especially application of fertilizer (Snyder et al.,
2009).
The most heavily used fertilizers contain N since it is the most limiting nutrient in soils.
Application of N-fertilizers greatly effects plant growth, microbial activity and emission of CO2,
CH4 and N2O from soil. Nitrogen fertilizer use in agriculture is the major source of N2O
emissions, and agriculture, including pasturelands, is a major contributor to the annual N2O
emissions worldwide (IPCC, 2015). Application of N fertilizer, together with other cropping
practices, accounted for 76.7% of the total N2O emission in the United States in 2016 (USEPA,
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2018). Nitrogen fertilizer use is especially high in pastures since their productivity is highly
limited by N (Peoples et al., 2014). Limited availability of N in soils as well as removal of
biomass for hay necessitates high N rates to maintain high yeilds (Fulkerson and Lowe, 2011).
However, an appreciable portion of the N applied is lost into atmosphere as N2O and NH3,
especially since fertilizer is surface-applied rather than incorporated. The amount of N loss varies
over time depending on the above factors and pasture management practices. Within the US,
pastures in the Gulf South contribute a disproportionately high 8.8% of the total national N2O
emissions (Mummey et al., 2000). This is primarily due to the high rainfall and summer
temperature of the region. Furthermore, the higher soil organic carbon content of pasture soils
compared to annual cropland leads to relatively higher SOM mineralization rates and GHG
emissions (Rutledge et al., 2014; Willems et al., 2011).
The most common sources of N in pastures are animal wastes, including cattle manure
and poultry litter, as well as inorganic N fertilizers. Extensive research has shown that cattle
manure is a good source of N as well as many other plant nutrients (Cavalli et al., 2016; Guo et
al., 2016). In addition to providing nutrients, manure application also helps improve soil health
by increasing soil organic matter and optimizing various soil physicochemical properties such as
soil water holding capacity and soil aggregation (Heinze et al., 2010). One of the benefits of
using manure as a N fertilizer is slow-release of N and other nutrients through the mineralization
of organic matter by microorganisms (Khaliq et al., 2006). Hence, the use of cattle manure as a
fertilizer could promote more efficient utilization of nutrients by the plants, reduce nutrient
losses, and extend nutrient availability in the soil. Despite these beneficial effects, the low
concentration of N compared to inorganic fertilizers, coupled with losses of N and P that degrade
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air and water quality limit its use and economic value (Huijsmans et al., 2018; Manyi-Loh et al.,
2016).
The most common inorganic N-fertilizer used in pastures/ hay production is urea. In the
presence of water and urease, it is decomposed to NH3 / NH4+ and CO2 (Longo and Melo, 2005).
As with manure, numerous studies have shown that use of urea fertilizer increases the emission
of CO2, N2O and CH4 (Boon et al., 2014; Burton et al., 2008; Rochette and Gregorich, 1998;
Venterea et al., 2012). Gaseous loss of N from pastures and crop fields constitutes both economic
losses and environmental pollution (Mandal et al., 2016; Tian et al., 2015).
Such losses are greater when N fertilizers are surface-broadcast as in pastures, especially
in humid subtropical regions such Louisiana, due to high temperature and precipitation (Scheer
et al., 2011). Soil moisture is particularly important in controlling N2O emission (Cardoso et al.,
2017). Under aerobic conditions N2O is produced mainly during nitrification while under
anaerobic conditions it is produced during denitrification (Khalil et al., 2004). Nitrification is the
predominant source of N2O emission when the soil water content is below 60% (Inubushi et al.,
1996). However, accumulation of NO3- after NH4+ oxidation under high soil moisture content
shifts the main pathway of N2O production to denitrification (Luo et al., 2008; Saggar et al.,
2004). On global basis, manure and synthetic N fertilizers contribute about 16% and 13%,
respectively, of the total agricultural GHG emissions (FAOSTAT, 2014). Therefore, it is crucial
to explore various management options to minimize N loss and GHG emissions from pasture
fields and improve hay yields.
One approach is to inhibit nitrification thus mitigate N loss through N2O emission.
Various soil amendments such as nitrapyrin, Ca-carbide, thiosulfate, hydroquinone, 2,5-dimethyl
p-benzoquinone, phosphoryl diamides and triamides, mercapto compounds, hydroxamates,
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arylorganoboron compounds, thioureas, methyl urea, neem, coal, peat, humic substances, lignins
and tannins, plant residues and extracts containing polyphenols and saponins (Akiyama et al.,
2010; Chen et al., 2008; Kiss and Simihaian, 2013) have been proposed. However, their
usefulness is limited due to low efficiency and high cost (Chen et al., 2008). However, recent
studies have shown that the urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT),
nitrification inhibitor dicyandiamide (DCD) and biochar (BC), which are relatively inexpensive,
could be effective in reducing N losses as well as GHG emissions in general.
The urease inhibitor, NBPT delays urea hydrolysis by inactivating urease, which
minimizes the loss of N as NH3 as well as limits the amount of ammonium ion (NH4+) available
for oxidization (Rose et al., 2018). On the other hand, the nitrification inhibitor DCD interrupts
formation of NO3-, slowing the oxidation of NH4+ to nitrite (NO2-) by nitrifying bacteria,
therefore decreasing NO3- leaching and N2O emission (Di and Cameron, 2005a). Urease and
nitrification inhibitors have been showed to be useful in reducing N2O emissions from inorganic
fertilizers applied to crop and pasturelands (Dalal et al., 2003; Luo et al., 2008), although they
did not influence CO2 and CH4 emissions (Tian et al., 2015; Volpi et al., 2017; Zaman and
Blennerhassett, 2010; Zhao et al., 2016). However, the effectiveness of these compounds has not
been well-evaluated under humid, subtropical conditions nor with manure as the N source.
However, Cai and Akiyama (2017), Singh et al. (2013) and Zaman and Blennerhassett (2010)
have shown that NBPT and DCD reduced N losses from urine applied to pasturelands and
lowered N2O emissions.
Biochar is produced from the pyrolysis of organic materials at low temperatures in the
absence of oxygen (IBI, 2012). It is chemically and biologically recalcitrant and highly stable
against microbial decomposition, therefore it has been proposed as a technology to increase C
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sequestration as well as reduce GHG emissions from soils (Lehmann et al., 2011). Research has
shown that BC together with inorganic fertilizer is effective in reducing GHG emissions from
soil (Kammann et al., 2017; Jeffery et al., 2016; Lehmann and Joseph, 2015; Cayuela et al.,
2014; Van Zwieten et al., 2009). Additionally, application of BC with organic fertilizer showed a
positive effect on mitigating the GHG emissions (Chen et al., 2015; Rogovska et al., 2011),
although other studies reported the opposite (Clough et al., 2010; Pereira et al., 2015). Similarly,
some studies showed that biochar increased emissions of CO2 (Bell and Worrall, 2011; Hilscher
et al., 2009), N2O (Knoblauch et al., 2011) and CH4 (Karhu et al., 2011) when used with
inorganic fertilizer. These contrasting results could be due to the variability of BC properties
based on source material and production temperature as well as soil properties and climate.
Hence, there is a further need to test the effects of biochar on reducing GHG emissions from
pasturelands.
Although previous studies have evaluated the effect of N stabilizers and BC on GHG
emissions and N loss as N2O from soil fertilized with inorganic N and manure, limited
information is available for pasturelands in humid subtropical regions. Additionally, since forage
production systems receive high N applications (Abalos et al., 2014), most of the studies on
pasture focused only on N2O emissions. Therefore, the objective of this study was to determine
the effects of BC and NBPT+DCD on CO2, N2O and CH4 fluxes from a pasture fertilized with
cattle manure and urea.
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4.2. Material and methods
4.2.1. Site and experimental description
The study was conducted during in 2015 and 2016 growing seasons, beginning June 29
and May 24, respectively, and was conducted at the Louisiana State University Agricultural
Center (LSU AgCenter) Iberia Research Station (IRS) located in Jeanerette, LA (29°57′54″ W;
91°42′54″ N; elevation 5.5 m). The soil type is classified as Baldwin silty clay loam (fine,
smectitic, hyperthermic, Chromic Vertic Epiaqualfs) with 98% of hydric components according
to USGS Web Soil Survey (NRCS, 2018). The soil contained 38% clay, 54% silt and 8% sand. It
has a pH of 5.64, total N of 0.22% and total C of 2.21%.
The experiment was carried out in an established bermudagrass (Cynodon dactylon
L. Pers.) pasture with two harvests for hay in each year. Treatments consisted of a factorial
combination of three N fertilizer sources (no N fertilizer, manure, and urea) and three soil
technologies (none, pine hardwood biochar, and NBPT+DCD). There were total of nine
treatments 1) control (CT) without N fertilizer or amendment application; 2) pinewood biochar
(BC); 3) N-stabilizers - NBPT+DCD (NS); 4) manure (MA); 5) manure + pinewood biochar
(MB); 6) manure + NBPT+DCD N-stabilizer (MS); 7) urea fertilizer (UR); 8) urea + pinewood
biochar (UB); and 9) urea + NBPT+DCD N-stabilizer (US). Each treatment was replicated four
times in a randomized complete block design. The blocks were allocated based on slope and all
the treatments were randomly distributed within each block. Each plot was 4.0 m wide and 2.5 m
long and separated from adjacent plots by 1 m wide buffers.
All fertilized treatments had N applied at 224 kg N ha-1 yr-1 as recommended by LSU
AgCenter. Urea and the urea + N-stabilizers (urea coated with 0.09% NBPT and 1.05% DCD)
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were applied at a rate of 487 kg ha-1 in two split applications of 243.5 kg ha-1, with the first
application on day 0 of the experiment and the second application on day 60 in 2015 and on day
45 in 2016. At each application of urea or urea with N-stabilizers, granular fertilizer was
uniformly top-dressed by hand over the plots each time. Treatments that received N as manure
was treated with raw cattle manure collected at the research station from pens where cows were
fed hay ad libitum. Manure contained little or no straw and was comprised 72.4% of moisture at
the time of application. The application rate assumed 50% N bioavailability during the growing
season (Chambers et al., 1999; Muñoz et al., 2004). The resulting rate of 18 Mg ha-1 of manure
on dry weight basis (average 2.5% N content) was applied only at the beginning of each
experiment in both years, similar to the local practice.
The biochar (Waste to Energy Solutions Inc., Destin, FL, USA) was produced from pine
woodchips using slow pyrolysis at 500 °C. It had 98.9 g kg-1 of ash content, determined using
ASTM standard D1762-84 (2013), and had a pH of 6.5, which is low compared with the pH
range observed for most biochars. The BC was surface broadcast at 10 Mg ha-1 (on dry weight
basis) and was applied once a year at the beginning of each year of the experiment. For the MS
and NS treatments, a solution containing 6.5% NBPT and 81.2% DCD was broadcast sprayed at
5.6 kg ha-1. For the MS treatment, N-stabilizer was sprayed immediately after application of
manure and immediately after first harvest of each year.
4.2.2. Measurement of greenhouse gas emissions
Fluxes of GHGs were measured from each plot using static chamber systems as
explained by Tian et al. (2015). Each system consisted of a top and a bottom chamber made from
25 cm diameter polyvinyl chloride (PVC) pipe. The top chamber was 45 cm of height. The
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bottom chambers were placed into the ground to a depth of 10 cm to avoid loss of gases due to
horizontal diffusion in the soil, leaving 5 cm above the ground. Base chambers were installed at
the beginning of the experiment and left until the end of the season to avoid soil disturbance at
the time of gas sampling, which can affect the results by altering the soil structure. At each
sampling event, the top chamber was placed on the bottom chamber and sealed air-tight using a
coupler. The flux of GHG were determined by measuring the concentration change in the interior
of the chamber.
To best approximate daily flux of emissions without monitoring 24 h, GHG sampling
carried out at mid-morning period, when air temperature approaches the average daily
temperature. Headspace gas samples were taken through an air-tight rubber septum installed on
the lid of the top chamber lid using a 15 ml syringe at 0, 30 and 60 min after the system was
closed. Gas samples were stored in evacuated glass vials that were hermetically sealed. Gas
samples were taken 2-3 times per week for the first 30 days after fertilizer application, then once
per week until harvest.
Gas samples were analyzed for CO2, CH4 and N2O using a Varian CP-3800 (Varian Inc.,
Palo Alto, CA) gas chromatograph (GC) equipped with a flame ionization detector (FID) and
electron capture detector (ECD). Commercially purchased CO2, CH4 and N2O standards (Air
Liquide LLC, Houston, TX) were analyzed for calibration as well as for quality assurance to
guarantee the accuracy and reliability of the analyses. Standard curves developed using
curvilinear relationships between standards and peak area of the chromatograms was used to
determine concentrations of unknown samples. A total of 5 standards were used for calibration.
The R2 values of all standard curves were near 1. After determining head space gas concentration
change, (based on chamber volume, air temperature, and duration of sampling), flux (g ha-1 day-
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1

) was calculated. The difference between initial and final concentration after 1 h (ppmv) was

calculated and multiplied by 24 h to estimate the daily emission (ΔC), and the quantity of each
gas or element of the gas (carbon or nitrogen) inside the chamber (∆Q) was calculated using the
Eq. [1]:
∆C
∆Q (g)= ( 6 ) x Molar weight (g)
10

[1]

The fluxes were estimated based on the Eq. [2]:
Flux =

∆Q V
x
t A

[2]

To calculate the flux of the gas analyzed (g ha-1 day-1) it was considered the ∆Q, gas or element
weight (g); V, chamber volume (L); t, time (day); and A, chamber base area (ha). At each
sampling event, temperature of air and soil were measured using a digital thermometer and soil
gravimetric water content was determined after drying a sample of the top 15 cm soil at 120 °C
for 48 hours. Daily information on maximum and minimum temperatures (°C) and precipitation
(mm) were obtained from a weather station located at the Iberia Research Station.
4.2.3. Emission factors (EFs)
The emission factor (EF) of N2O-N for the season was calculated as Eq [3]:

EF=

∑ N2 O-Nsource - ∑ N2 O-Ncontrol
x 100
Applied available Nsource

where N2O-Nsource is the total is the total N2O-N emission for organic and inorganic nitrogen
source treatment, N2O-Ncontrol is the total N2O-N emission of the control treatment; applied
available Nsource is the application rate of N fertilizer (kg of nitrogen per hectare).
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[3]

4.2.4. Statistical analysis
Data were separated according to fertilizer source (manure and urea) and the treatments
that did not receive fertilizer was combined with each fertilizer source for easy understanding of
the treatment comparisons. Statistical analyses were carried out using the MIXED MODEL
procedure in SAS JMP 14 (SAS institute, Cary, NC). The effects of treatments on response
variables were considered different when P ≤ 0.05. Tukey’s post-hoc test was used to compare
the means when the treatment effect was significant at P < 0.05.
4.3. Results and discussion
4.3.1. Environmental and soil conditions
The 30-year (1981 to 2010) annual average temperature is 20.15 °C and annual average
precipitation is 1600 mm at Jeanerette as per the National Climatic Data Center (NOAA, 2018).
The average temperatures during the 2015 and 2016 growing seasons were 25.97 °C and 26.55
°C, which were very similar to historical temperatures of 25.84 °C and 26.50 °C for those
periods (Jun 29 - October 10 in 2015 and May 24 - September 9 in 2016). See Fig. 4.1 for daily
averages.
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Figure 4.1. Daily average, maximum and minimum temperatures during the bermudagrass
growing season in 2015 (June 29 - October 10) and 2016 (May 24 - September 9).
Air and soil temperatures during the gas sampling in 2015 and 2016 differed within each
harvest growing period (Figure 4.2). In 2015, the first harvest growing period had 11% and 12%
greater air and soil temperatures than the second period. In 2016, the opposite occurred with the
second harvest growing period having 4.5% and 4% greater air and soil temperatures than the
first. Soil temperatures showed same trends as air temperature with mostly lower average values
of 24.1°C in 2015 and 24.7°C in 2016.
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Figure 4.2. Air and soil temperatures from a bermudagrass field during the 2015 and 2016 growing
seasons.
The total precipitation for the 2015 growing season was 83 mm less than the historical
average for the same period (June 29 - October 10). However, in 2016 there was intense rain
during August, more than 500 mm of precipitation from the 11th to 14th, that flooded field plots
for few days. Historical averages for the same periods in 2015 and 2016 are shown in Figure
4.3.
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Figure 4.3. Total precipitation (mm) during the bermudagrass growing season and historic data
for June 29 - October 10 (2015) and May 24 - September 9 (2016).
Soil moisture in 2015 dropped after the first fertilizer application and stayed below 20%
for the most of the first harvest period (Figure 4.4). Soil moisture in 2016 dropped after the first
fertilizer application, but increased after 10 days and remained above 20% for the most of the
first harvest period. Though the average seasonal soil moisture content was significantly
different between the years, the average soil moisture contents at the time of gas sampling for
both seasons were similar with 21.7% in 2015 and 22.0% in 2016. This could be due to better
hydraulic properties in pasture compared to other arable soils with similar texture. Past studies
that measured infiltration rates in soil covered with grass concluded that established pastures
with mature root systems have higher water infiltration rates (Gonzalez-Sosa et al., 2010; Leung
et al., 2015).
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Figure 4.4. Soil moisture in a bermudagrass field during the 2015 and 2016 growing seasons.
4.3.2. N2O fluxes
Nitrous oxide emissions from control plots were low throughout the season in both years
(Figure 4.5), and application of N fertilizer significantly increased N2O emissions in both years
compared to control plots. Average 2015 daily N2O fluxes for CT, BC, NS, MA, MB, MS, UR,
UB, and US treatments were 3, 4, 5, 30, 17, 18, 87, 62, and 50 g ha-1 day-1, respectively.
Average emissions were 2, 5, 6, 35, 19, 17, 75, 55, and 46 g ha-1 day-1, respectively, in 2016
(Figure 4.6). Further, in treatments that received N fertilizer, N2O flux varied substantially over
the growing season in both years. Emissions were high from the manure (MA) treatment from
day one of application. Peak N2O emissions occurred on the third day with fluxes of 164 and 156
g N ha-1 day-1 in 2015 and 2016, respectively. In 2016, soil N2O-N fluxes showed a second peak
on day 23 with 68 g N ha-1 day-1 corresponding to relatively higher soil moisture content (Figure
4.4) and reflecting the appreciable amount of N in manure present as NH4+ and NO3- that could
be quickly lost as N2O through nitrification and denitrification pathways (Bolan et al., 2010).
Similar trends in N2O emissions occurred with MB and MS, however rates of emission were
lower at most samplings (Figure 4.5). In 2015, N2O fluxes from manure treatments dropped
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close to the background level after 69 days, although not in 2016, likely due to the high soil
moisture content. This was expected since higher soil moisture content could lead to higher
anaerobic pore space, thus higher denitrification activity and emissions of N2O. Further, higher
soil moisture content could lead to increased manure mineralization especially under the hot
temperatures of Louisiana. Several factors affect the N mineralization rate of manure including
soil temperature and moisture content, with warm and moist conditions favoring higher
mineralization (Pettygrove et al., 2009). Depending on the microbial activity of soils, manure
mineralization rate varies between 50% and 70% during the first year after application (Van
Kessel and Reeves, 2002), influencing the total N2O emissions.
Daily N2O emissions during 2015 and 2016 with urea fertilization were higher than with
manure. In both years, the UR treatment showed higher N2O emissions than UB and US.
Emissions peaked twice, corresponding to each application. In the first harvest, the peak was 3
days after fertilization in both years with 273 and 233 g N ha-1 day-1 in 2015 and 2016,
respectively. In the 2015 growing season, the second peak for the UR treatment was 3 days after
the second application of urea (63 days after the first day of the experiment) and in the 2016
growing season, the second peak was 8 days after the second application of urea (53 days after
the first day of the experiment) with 426 and 340 g ha-1 day-1, respectively. The UB and US
treatments had similar flux patterns however at lower levels. All N2O fluxes of the urea
treatments in 2015 dropped to the control level 26 days after the first application and 24 days
after the second application. In 2016, fluxes from the urea plots dropped to the control level 30
days after the first application and 50 days after the second application. Higher emissions during
the second harvest growing period of 2016 season were likely due to higher soil moisture
content. The N2O emissions correspond to the N dynamics in the soil (urea hydrolysis, NH4+ and
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NO3- concentration) and are positively correlated with soil moisture and temperature (Menéndez
et al., 2009; Saggar et al., 2004; Zaman et al., 2009).
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Figure 4.5. Fluxes of N2O-N from a bermudagrass field during the 2015 and 2016 growing
seasons.
The soil moisture content mostly stayed below 50%, which indicated that the
predominant source of N2O emission was nitrification (Ussiri and Lal, 2012). Ludwig et al.
(2001) concluded that N2O emission associated with nitrification was highest at 20% soil
moisture content. Due to the high content of NH4+-N in manure (Griffin et al., 2005),
nitrification was the dominant process. However, in 2016, denitrification was important after
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heavy precipitation events. Application of either biochar or NBPT+DCD along with manure
decreased N2O emissions compared to manure alone in both the years, though the decrease was
significant (P < 0.05) only in 2016 (Figure 4.6). In 2016, biochar and NBPT+DCD reduced the
average daily fluxes of N2O from manure fertilizer by 43.9% and 49.7%, respectively (Figure
4.6). The decrease in N2O emissions from manure + NS treatment could be due to suppression of
urease activity by NBPT that limits NH4+ for nitrification as well as suppression of nitrification
of NH4+ by DCD that limits NO3- levels and eventual denitrification (Abalos et al., 2014;
Forrestal et al., 2016; Lam et al., 2017). Our results were similar to those of Cai and Akiyama
(2017) who found that NBPT+DCD reduced emissions by 48% from urine patches on pasture.
The efficiency of NBPT+DCD on reducing nitrification is important since nitrification was the
major source of N2O production under the conditions of our experiment. On the other hand,
lower N2O emissions when biochar was applied along with manure could be due to strong
absorption of ionic N forms by biochar, i.e. its high cationic and anionic exchange capacities that
limit reactants for nitrification and denitrification. Taghizadeh-Toosi et al. (2011) showed that
biochar reduced N2O fluxes due to adsorption of inorganic-N thereby reducing its availability as
a source for N2O production.
The daily average N2O emissions from urea alone were higher than for UB and US in
both years, although differences were not significant. A previous study, however, showed that
BC with urea significantly decreased N2O emission under conditions optimal for denitrification
(Cayuela et al., 2014). However, where N2O production is mainly from nitrification, BC
increased the oxidation of NH4+ due to the improved soil aeration, which increased fluxes of N2O
(Sánchez-García et al., 2014). These results demonstrate that the efficacy of biochar in reducing
N2O emissions depends on which pathway is dominant.

112

Further, significant decreases with BC and NS for manure in 2016 compared to 2015,
may be related to a higher efficiency of BC and NS on reducing N2O emission under humid
conditions. Higher efficiency of NS under higher soil moisture and warmer temperature
conditions has been reported previously (Fernández et al., 2015; Parkin and Hatfield, 2014;
Sistani et al., 2011). Overall, the reduction of N2O fluxes from soil fertilized with manure by
biochar and NBPT+DCD suggests that both amendments have potential to mitigate N2O
emissions from pasture. In addition, use of BC and NS in forage production systems may
optimize the value of manure fertilizer by minimizing the potential N losses, including and N2O
emissions (Clough et al., 2013; Ruser and Schulz, 2015).
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Figure 4.6. Average emission fluxes of N2O-N following manure fertilization in 2015 (A) and
2016 (B) and urea fertilization in 2015 (C) and 2016 (D) growing periods of bermudagrass. Bars
with same lowercase letter are not statistically significant at α = 0.05.
The effectiveness of BC and NS in mitigating N2O emission from soil is influenced by
soil moisture conditions (He et al., 2018) because pathways (nitrification or denitrification) are
oxygen-dependent. Although some studies reported that the application of NBPT+DCD under
nitrifying conditions was not effective in mitigating N2O emission (negative interaction within
urease and nitrification inhibitory dynamics; Sanz-Cobena et al., 2012), others demonstrated that
NBPT+DCD with urea significantly reduced N2O emission (Ding et al., 2011), especially in
alkaline soils (Thapa et al., 2016). Overall, more N2O was emitted with urea than manure in both
years (Figure 4.7). In addition, biochar application was less effective on reducing N2O emission
with urea than was NBPT+DCD. This result may reflect a different mechanism of nitrogen
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stabilization by biochar. Generally, biochar reduces N2O emission by reducing NH4+ and NO3availability either physically by sorption or inducing N immobilization by microorganisms (He et
al., 2018). However, biochar also may improve soil water holding capacity, which would
promote denitrification (Troy et al., 2013). Since urea provided substrate N, decomposable
organic-C in biochar could have been used by denitrifiers to produce N2O under anaerobic
conditions even during transient periods of wetness such as after heavy precipitation (Ameloot et
al., 2013).
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Figure 4.7. Cumulative fluxes of N2O-N from a bermudagrass field during the 2015 and 2016
growing seasons.
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The Intergovernmental Panel on Climate Change (IPCC) established a default emission
factor for N2O from soils of 1% of the total N applied (De Klein et al., 2006). However, this
value does not consider variations due to environmental and managements factors (Bouwman et
al., 2002; Stehfest and Bouwman, 2006). The effects of biochar and NBPT+DCD on N2O-N
reduction is better seen by the significantly lower emission factors s of 0.14% and 0.13% in MB
and MS, respectively, compared with 0.25% in MA and the emission factor values of 1.41% and
1.14% in UB and US, respectively, compared with 1.97% in UR (Table 4.1).
Table 4.1. Average emission factor (EF) of N2O-N of organic and inorganic fertilizers treatments
over 2015 and 2016 from a bermudagrass field.
Organic N treatment Emission factor (EF) Inorganic N treatment Emission factor (EF)
N2O-N (%)
N2O-N (%)
CT
CT
UR
1.97a
MA
0.25a
UB
1.41ab
MB
0.14b
US
1.14b
MS
0.13b
EFs followed by different lowercase letters are significantly different at α level of 0.05 based on Tukey test.

The N fertilizer applied in pastures is useful throughout the year, thus fertilizer efficiency
is high (Abalos et al., 2014). Although a pasture system is highly responsive to an inhibitor (Di
and Cameron, 2005b), the effects of NBPT+DCD are less pronounced in soils with low
susceptibility to nitrogen loss (Williamson, 2011). The efficiency of urease and nitrification
inhibitors is expected to be high in well-drained, alkaline soils with high N fertilizer inputs
(Abalos et al., 2014). In a study comparing different inhibitors applied with urea to a grassland,
the urease and nitrification inhibitor together resulted in the lowest N2O emission and this was
attributed to low denitrification activity in the soil (Dixon et al., 2011; Vistoso et al., 2012).
Oxidation of ammonium was the main source of N2O emitted from pasture under the
warm and humid subtropical climate of south Louisiana. In addition, biochar and NBPT+DCD
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both could potentially be used to reduce nitrification in the soil under organic and inorganic
fertilization, although efficacies depend on environmental and soil conditions.
4.3.3. CO2 fluxes
All treatments showed similar patterns of CO2 emission, with higher rates in the fertilized
treatments compared to unfertilized treatments (Figure 4.8). In 2015, the average CO2 daily
fluxes for CT, BC, NS, MA, MB, MS, UR, UB, and US treatments were 102, 109, 117, 173, 139,
153, 139, 137, and 133 kg ha-1 day-1, respectively. Whereas the average emissions for the same
treatments were 101, 107, 111, 226, 178, 195, 158, 144, and 137 kg ha-1 day-1, respectively, in
2016 (Figure 4.9). Overall, daily CO2 fluxes of the manure treatments were higher during the
first harvest period in both seasons indicating an increase in soil respiration after manure
application. This was expected due to the higher availability of organic carbon and other
nutrients for microorganisms. Manure fertilizer increases organic C in soil solution, which is
readily available to microorganisms (Ding et al., 2007). A previous study that evaluated the CO2
emission from soils under three years of manure fertilization concluded that the use of manure as
N fertilizer increased soil respiration by increasing microbiological activity due to the input of
available C substrate (Rochette and Gregorich, 1998). Thomsen and Olesen (2000) showed that
the decomposition during the composting process of manure emitted 13% of organic C as CO2.
Therefore, organic C may be the major source of CO2 emission from the soil.
Emissions of CO2 were lower in 2015 than in 2016, likely due to drier conditions in 2015
during the first harvest period and cooler conditions during the second harvest period than in
2016 (Fig 4.2 and 4.4). In both years, CO2 emissions were lower from the MB and MS
treatments than from MA. The decrease in CO2 emissions from the MB and MS treatments that
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received either BC or NS along with manure indicates that overall microbial respiration was
lower than for manure only. This could be mainly due to reduced availability of N, along with
other nutrients, as evidenced by the lower N2O emissions. For identifiable peaks in CO2 fluxes in
2015 and 2016, the MA treatment had an average of 51% and 17% greater CO2 emissions at
compared to CT in 2015 and 2016, respectively. On average, the MB and MS treatments reduced
CO2 flux at these times by 19% and 21%, and 8% and 14%, respectively, in 2015 and 2016 years
over the MA treatment. The differences were clearly evident when the soil moisture content was
higher, which may be due to the higher microbial activity and eventual mineralization of added
manure or soil organic matter under this condition.
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Figure 4.8. Fluxes of CO2-C from a bermudagrass field during the 2015 and 2016 growing
seasons.
Despite appreciable decrease in CO2 emissions with biochar and inhibitors, there was no
statistically significant difference in average CO2 emissions among the manure treatments in
either years (Figure 4.9). Results from a study that evaluated BC decomposition rate in a loess
soil showed that BC did not affect the CO2 flux within 60 days of incubation although flux later
decreased due to decreasing availability of nutrients and organic C to microorganisms
(Kuzyakov et al., 2009). Several other studies noted that biochar increased the emission of CO2
and attributed increases to better habitat for microbes thus enhanced decomposition of organic

119

compounds due to increased surface area with biochar (Pietikäinen et al., 2000; Wardle et al.,
2008; Warnock et al., 2007). In addition, biochar optimizes soil moisture content and aeration,
consequently increases aerobic microbial activity (Chen et al., 2015; Jones et al., 2011). In
general, daily CO2 fluxes of the urea treatments varied with the temperature and the moisture
content in the soil. The average daily CO2-C flux, however, were not significantly different
among treatments in 2015, though emissions from the fertilized treatments were commonly
higher in 2016. Results from an experiment that monitored the CO2 fluxes from a grassland soil
after application of urea and biochar did not show significant reduction compared to urea alone
(Chen et al., 2015). The same was found for forest soils (Hawthorne et al., 2017). Similarly, a
field study on the effects of urease and nitrification inhibitors on CO2 emission from a winter
wheat and summer corn field did not find any significant differences from the control (Zhao et
al., 2016). The emissions of CO2 are closely related to the soil organic carbon content
(Franzluebbers, 2005). A recent study that evaluated different nitrogen fertilizers and application
of inhibitors effects on CO2 emission in two soils derived from alluvial sediments concluded that
the fluxes were significantly higher in the clay loam soil followed by urea fertilization but
inhibitors did not affect CO2 emissions (Volpi et al., 2017).
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Figure 4.9. Average emission fluxes of CO2-C following manure fertilization in 2015 (A) and
2016 (B) and urea fertilization in 2015 (C) and 2016 (D) growing periods of bermudagrass. Bars
with same lowercase letter are not statistically significant at α = 0.05.
The net impact of various treatments on CO2 emissions is shown by cumulative
emissions (Figure 4.10). Emissions were lower in 2015 than in 2016, probably due to the
corresponding soil moisture conditions. Manure fertilization promoted greater CO2 emission
across the season in both years compared with the other treatments. Emissions were lower for the
MB treatment than MA and MS, possibly due to absorption of dissolved organic carbon and
nutrients by BC, limiting microbial activity compare to MS for which only the availability of N
was limited. The interaction of manure and biochar decreased CO2 flux from a fine-loamy soil,
suggesting a possible synergic effect on the stabilization of carbon (Rogovska et al., 2011).
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Figure 4.10. Cumulative fluxes of CO2-C from a bermudagrass field during the 2015 and 2016
growing seasons.
4.3.4. CH4 fluxes
Emissions of CH4-C from the manure treatments were high immediately after application
(Figure 4.11). In 2015, the average CH4-C daily fluxes for CT, BC, NS, MA, MB, MS, UR, UB,
and US treatments were 6, 4, 5, 19, 10, 16, 4, 1, and 4 g ha-1 day-1, respectively. Whereas the
average emissions for the same treatments were 5, 3, 5, 24, 13, 22, 5, 3, and 5 g ha-1 day-1,
respectively, in 2016 (Figure 4.12). There were no statistically significant differences among all
the treatments in 2015, whereas emissions from the manure treatments were significantly higher
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in 2016. Soils with high bulk density exhibit 30% to 90% less consumption or oxidation of
atmospheric CH4 than less dense soils (Losada et al., 2007). In contrast, since pasture soils are
typically well aerated (Castaldi et al., 2007), measurable consumption besides emission is likely.
The main source of CH4 in cattle production is the manure. Ruminant bacteria produce large
amounts of CH4, therefore the use of fresh manure as a fertilizer may increase the emission of
methane (Snyder et al., 2009).
Since biochar increases soil aeration it may reduce CH4 emissions (Rillig and Thies,
2012). Recently, two meta-analyses showed that biochar did not alter the fluxes of CH4 from soil
fertilized with cattle excreta (Cai et al., 2017; He et al., 2017). However, other studies concluded
that certain compounds in biochar could inhibit methanotrophic microbial activity and increase
the CH4 emission from the soil (Karhu et al., 2011; Spokas, 2013). The CH4 fluxes showed both
emission and absorption in both growing seasons (Figure 4.11). Emissions were observed
following precipitation, thus increased soil moisture content. Similar to the manure treatments,
average daily CH4 flux from the urea treatments was not significantly affected by biochar or
inhibitors treatments in either year.
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Figure 4.11. Fluxes of CH4-C from a bermudagrass field during the growing season in 2015 and
2016.
Some studies showed that NH4+ in the soil solution from cattle excreta decreases
oxidation of CH4, possibly due to inhibition of the methane monooxygenase enzyme by
ammonia or toxicity of nitrite and hydroxylamine produced from the oxidation of ammonia to
the methanotrophic bacteria that oxidize CH4 (Bodelier and Laanbroek, 2004; Le Mer and Roger,
2001). Further, Dodla et al. (2009) reported that the presence of NO3- inhibits CH4 production
due to the negative effect of denitrification products on methanogens as well as a competitive
effect of NO3- on their activity. However, cattle urine promotes CH4 soil absorption by
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stimulating the growth of the methanotrophic microorganisms in grasslands soil (Conrad, 2007),
even though that was not observed in a laboratory experiment that evaluated six different soils
from pastures fertilized with cattle excreta and nitrification inhibitor (Di et al., 2011). Higher
CH4 emissions from soils amended with manure is due to creation of anaerobic environment in
soils that favors the methanogenic activity (Malyan et al., 2016). Additionally, decomposition of
the organic matter within the manure and in the soil underneath may deplete the oxygen
concentration on some microsites (Cai et al., 2017; Ho et al., 2015).
Previous studies showed that fertilization with inorganic N reduced methanotrophic
activity, increasing CH4 emission from grassland soils (Hütsch, 1996; Mosier et al., 1991).
Results from a study that evaluated the application of biochar to a sandy loam soil from a
temperate forest showed that biochar without urea promoted CH4 emission likely due to an
increase in soil pH (Hawthorne et al., 2017) which increased methanogenic activity (Inubushi et
al., 2005). Those results differ from a meta-analysis that reported biochar did not alter the pH
and reduced the CH4 emission (Jeffery et al., 2016). A study that evaluated the effects of urea
with urease and nitrification inhibitors on greenhouse gas emissions from a cotton field in a
subtropical region concluded that NBPT+DCD did not influence CH4 flux (Tian et al., 2015).
The effect of precipitation on CH4 fluxes was more prominent than the effects of fertilizer and
mitigation technologies.
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Figure 4.12. Average emission fluxes of CH4-C following manure fertilization in 2015 (A) and
2016 (B) and urea fertilization in 2015 (C) and 2016 (D). Bars with same lowercase letter are not
statistically significant at α = 0.05.

Cumulative emissions of CH4 are shown in Figure 4.13. Clearly, manure fertilization
increased CH4 emissions compared to other treatments.
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Figure 4.13. Cumulative fluxes of CH4-C from a bermudagrass field during the 2015 and 2015
growing seasons.
4.4. Conclusions
Biochar and NBPT+DCD affected N2O emission from the hay pasture soil under organic
fertilization probably by limiting the availability of substrates for nitrification and denitrification
or inhibiting enzymatic activities. Both reduced the N2O emission factor where manure was
used, however only NBPT+DCD reduced the emission factor with urea. Biochar and
NBPT+DCD did not significantly affect CO2 and CH4 emissions. The manure amended soil
emitted more CO2 in both seasons and more CH4 in 2016 than unfertilized soil. Similarly, use of
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urea resulted in higher CO2 emissions in one of two years. Biochar may have some potential to
reduce CH4 emission from soil fertilized with manure.
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CHAPTER 5. CHANGES ON SOIL MICROBIAL COMMUNITY DUE TO BIOCHAR
AND NITROGEN STABILIZERS IN A BERMUDAGRASS FIELD UNDER ORGANIC
AND INORGANIC FERTILIZATION
5.1. Introduction
The diversity of microorganisms as an indicator of soil quality has been widely used,
especially in the last decade, due to analytical techniques that allow for the evaluation of
microorganisms in environmental samples (Hatfield, 2018; Schloter et al., 2003; Visser and
Parkinson, 1992). The diversity of microbes within the soil is vast and unknown, as one gram of
soil can contain 10 billion microorganisms representing thousands of species (Wang et al.,
2018a). Currently, studies on the relationship between microbial diversity and soil management
are attracting attention from many researchers (Geisseler et al., 2016; Wang et al., 2017), and
their main research is whether microbial communities are better adapted to soil conservationist
and fertilizer enhancement practices. In an agroecosystem, the variation of microbial diversity in
the soil are directly related to climate, to soil fertility and physical structure, and to the content
and quality of organic residues (Bamminger et al., 2016). Microbial community structure and
function is important to understand the agroecosystem responses to fertilization managements
(Grosso et al., 2018). The dominant microbial community can vary according to different
fertilization managements (Cleland and Harpole, 2010). For instance, monoculture production
decreases microbial diversity (Zhang et al., 2018) and nitrogen fertilization negatively affects
microbial diversity and biomass in soils under pasture (Berthrong et al., 2014; Geisseler et al.,
2016). Bacteria and fungi present distinctive functions in biogeochemical cycles, which can be
useful to characterize the ecosystem (Wardle et al., 2004). Bacteria in soil are often responsible
for aerobic degradation of some complex organic (Ceballos et al., 2017; Ma et al., 2018). They
are closely involved in the nitrogen transformation processes as ammonification, nitrification,
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denitrification, and N2 biological fixation (Che et al., 2018; Nie et al., 2018; Wang et al., 2018b).
Microbial communities dominated by bacteria are often found on soils with high levels of
disturbance, high nutrient availability, neutral to mildly acidic pH and low organic matter due to
elevated microbial activity (Van Der Heijden et al., 2008). In contrast, microbial communities
dominated by fungi occur in less disturbed soils, low nutrient availability, acidic pH and high
organic matter content (Hydbom et al., 2017).
Soil conservationist practices in agricultural ecosystems improves soil aeration, aggregate
stability, water-holding capacity, and provides ideal conditions for nutrient cycling improving
the organic matter content. Therefore, the microbial community will grow in diversity,
abundance, and activity as a result of readily available nutrients and adequate habitats to colonize
(Wang et al., 2017). In soils, several microhabitats with different physicochemical gradients and
discontinuous environmental conditions are found, and the microorganisms adapt to these
microhabitats living in consortium with other organisms (Aguilera et al., 2016). The application
of biochar may enable a balance of microbial diversity by improving the soil conditions to
different groups of microbes (Lehmann et al., 2011). Generally, biochar addition to the soil
changes the soil physicochemical properties by increasing soil pH, total carbon and porosity
(Warnock et al., 2007). These changes promote microbial growth by increasing nutrient
availability and providing habitat and protection to microbes within the micropores of biochar
(Ameloot et al., 2013). In an agroecosystem in Germany, the initial decomposition of recalcitrant
biochar carbon was predominantly made by fungi, which increased the abundance of this
microbial group in particular (Bamminger et al., 2016).
Nitrogen stabilizers are applied targeting specific microbial communities involved in the
processes of interest to enhance the efficiency of fertilizer by the crops. The application of N-(n-
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butyl) thiophosphoric triamide (NBPT), a urease inhibitor and dicyandiamide (DCD), a
nitrification inhibitor, promotes a reduction of substrate availability to microbes involved in
those processes (Chen et al., 2015; Di et al., 2010; Fan et al., 2018). As a consequence, the
nitrogen stabilizers enhance the efficiency of fertilizers by minimizing the losses of nitrogen by
NH3 volatilization, NO3 leaching, and N2O emission (Asing et al., 2008).
Type of nitrogen fertilizer, soil technologies that enhance fertilizer efficiency, and soil
properties likely account for the variation of microbial diversity. Interactions between different
life forms and the environment control the structure and diversity of microbial community in the
soil (Sun et al., 2018). Furthermore, the complexity of those interactions requires an approach
that evaluates the effects of fertilization management practices in field conditions. Biochar and
nitrogen stabilizers are important to enhance use efficiency of nitrogen fertilization (Gao, 2015).
Microbial community structure and functions may be affected by nitrogen fertilizer source and
fertilizer enhancement technologies (Guo et al., 2013; Sheng and Zhu, 2018; Sradnick et al.,
2018). However, limited information is currently available regarding the comparison of biochar
and nitrogen stabilizers effect on the microbial community in pasture soils under organic and
inorganic fertilization. Assessment of biochar and nitrogen stabilizers particular addition to
nitrogen fertilizer effects on microbial communities is important to understand agroecosystem
responses to fertilization management. Therefore, in this study we examined the response of
microbial communities in a pasture soil to different nitrogen fertilization managements (manure
and urea) combined with different soil technologies (biochar and NBPT+DCD) as determined by
phospholipid fatty acid (PLFA) analysis.
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5.2. Material and methods
5.2.1. Site and experimental description
The study was conducted during the 2015 and 2016 growing seasons on established
bermudagrass pasture at the Louisiana State University Agricultural Center (LSU AgCenter)
Iberia Research Station (IRS) located in Jeanerette, LA (29°57′54″ W; 91°42′54″ N; elevation
5.5 m). The soil type was classified as Baldwin silty clay loam (fine, smectitic, hyperthermic,
Chromic Vertic Epiaqualfs), with 98% of hydric components according to USGS Web Soil
Survey (NRCS, 2018).
The experiment was carried out in an established bermudagrass (Cynodon dactylon
L. Pers.) pasture used for hay production and there were no animals grazing on the field.
Treatments consisted of a factorial combination of three nitrogen fertilization management (no N
fertilizer, manure, and urea) and three soil technologies to enhance nitrogen fertilizer use (none,
biochar, and NBPT+DCD) with four replications. There were total of nine treatments 1) control
(without N fertilizer or amendment application); 2) pinewood biochar; 3) N-stabilizers NBPT+DCD; 4) manure; 5) manure + pinewood biochar; 6) manure + N-stabilizers NBPT+DCD; 7) urea fertilizer; 8) urea + pinewood biochar; and 9) urea + N-stabilizers NBPT+DCD stabilizers. Each plot was 4.0 m wide and 2.5 m long (plot area equal to 10 m2) and
separated by a 1 m wide buffer strip. The four blocks were allocated based on the slope of the
area and all the treatments were randomly distributed within each block.
Nitrogen fertilizer application rate was 224 kg N ha-1 yr-1 as recommended by LSU
AgCenter. Urea and the urea+ N-stabilizers (urea coated with 0.09% NBPT and 1.05% DCD)
were applied at a rate of 487 kg ha-1 in two split applications of 243.5 kg urea ha-1, with the first
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application on day 0 of the experiment and the second application on day 60 in 2015 and on day
45 in 2016. For urea and urea with N-stabilizers, granular fertilizer treatments were uniformly
top-dressed by hand over the plots each time. At the research station, raw beef manure (without
composting) was collected from pens where cows were fed hay ad libitum. Manure was collected
3 times in one week and stored in bags until we had the amount necessary of manure to achieve
the required nitrogen rate on a wet weight basis. The manure application rate assumed 50% of
the N content in manure were in chemical forms that are available for plants to take up
(Chambers et al., 1999; Muñoz et al., 2004). Manure contained little or no straw and comprised
72.4% of moisture at the time of application. The resulting rate of 18 Mg ha-1 of manure on dry
weight basis (average 2.5% nitrogen content) was applied only at the beginning of each
experiment to supply nitrogen for two harvests in both years.
Biochar (Waste to Energy Solutions Inc., Destin, FL, USA) was produced from pine
woodchip using pyrolysis at 500 °C. It had 98.9 g kg-1 of ash content, determined using ASTM
standard D1762-84 (2013), and the pH was near neutral, which is low compared with the pH
range normally observed for biochars (Xu et al., 2011). The application rate of biochar was 10
Mg ha-1 (on dry weight basis) applied manually in the respective plots only at the beginning of
each year of the experiment. The nitrogen stabilizer solution containing 6.5% NBPT and 81.2%
DCD was pulverized using a backpack sprayer over the plots with manure and without any
nitrogen fertilizer at the beginning of both harvests at a rate of 5.6 kg ha-1 of nitrogen stabilizer.
5.2.2. Soil sampling and properties
Soil samples were collected from the site on the final day of the experiment (October 10
in 2015 and September 9 in 2016) and after one year of treatments application. Soil samples
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were collected from the site before the treatments were applied, at the same time of each hay
harvest and after one year of treatment application. The samples were collected from the top
mineral soil layer (0-10 cm) using a soil probe. Each sample was a composite of six cores
collected from each plot. All plant material removed from samples prior being sieved to 4 mm
and stored at 4 °C. All procedures were carefully executed to prevent contamination during and
after collection of the soil samples washing materials with alcohol between each sample.
Sand, silt and clay contents in the soil were determined through the hydrometer method
(Day, 1965). The soil contained 38% clay, 54% silt, and 8% sand. Soil pH was determined after
equilibrating 10 g of dry soil with 10 ml of deionized water for 30 min and measured using a pH
electrode (McLean, 1982). Soil total carbon and total nitrogen contents were determined by dry
combustion (McGeehan and Naylor, 1988) using a macro elemental CHNOS analyzer (Vario EL
Cube, Elementar Americas Inc., Mt Laurel, NJ).
5.2.3. Phospholipid fatty acid analysis
The total microbial fatty acid analysis was performed according to the methodology
described by White and Rice (2009), consisting of 3 phases that includes lipids extraction,
separation and methylation. The total lipids were extracted from 3 g of field-moist soil samples
using methanol, chloroform and phosphate buffer solution under methodology reported by White
and Ringelberg (1998). The phospholipids (polar lipids) were then separated from the total lipids
by silicic acid column using methanol, and then methylated into fatty acid methyl esters by
subjecting the phospholipids to a saponification process using a methanolic KOH solution
followed by its recovery in hexane (Allison and Miller, 2005; White and Ringelberg, 1998). The
solvents on each phase were removed by N2 evaporation. The resulting PLFAs were transferred
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to a 250 μL glass and analyzed by gas chromatography. The gas chromatograph used consisted
of an Agilent 7890B (California) with a fused silica packed 0.2 mm x 25 m Agilent J&W Ultra
Inert column, flame ionization detector in which the temperature ramped from 190 °C to 250 °C
in 5 °C increments.
The PLFAs were identified and their relative peak areas determined using Sherlock
Microbial Identification System (MIS), provided by MIDI (Microbial ID, Inc., Newark, DE).
The PLFAs description includes the number of C atoms, the number of double bonds and then by
the position of the first double bond from the methyl (ω) end of the molecule. Some PLFAs were
described using additional notations in the end of the description, including the methyl group on
the 10th carbon atom of the molecule (Me), cyclopropane fatty acids (cy), cis geometry (c), and
iso (i) and anteiso (a) branching in the molecule (He et al., 2007; Zelles, 1999). Selected PLFAs
were used to identify the microbial groups using markers provided on previous research. Grampositive bacteria (G+) were identified by i14:0, i15:0, a15:0, i16:0, a16:0, i17:0, a17:0, 17:1 ω9c,
18:0 and Gram-negative bacteria (G-) by 16:1 ω9c, 16:1 ω7c, cy17:0, 18:1 ω7c, 18:1 ω5c, 19:1
ω6c (Frostegård et al., 1993; Laczko et al., 1997; Morgan et al., 1997; O'leary and Wilkinson,
1988; Pennanen et al., 1996; Ratledge and Wilkinson, 1988; White et al., 1998; Zelles and Bai,
1994). Saprophytic fungi were identified by 18:3 ω6c, 18:2 ω6c, 18:1 ω9c, 20:1 ω9c and
arbuscular mycorrhizal fungi (AMF) by 16:1ω5c (Frostegård et al., 1993; Madan et al., 2002;
Paul and Clark, 1988; Pennanen et al., 1996; Zelles, 1997). The actinomycetes were identified by
Me16:0, Me17:0, Me18:0 (Frostegård et al., 1993; Zelles, 1997).
The absolute concentration of PLFAs was calculated using the 19:0 internal standard and
expressed in nmol per gram of soil. The concentration was used to calculate the relative
abundance (mol%) of each microbial group (bacteria, fungi, actinomycetes, protozoa and
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eukaryotes) and the total microbial biomass as reported by Rinklebe and Langer (2010). Relative
abundance PLFA ratios were calculated including cyclopropyl: precursor (cy:pre), iso: anteiso
(i:a), saturated: monounsaturated (sat:mono), fungi: bacteria (F:B), Gram positive: Gram
negative (G+:G-). These ratios have previously been used as an index of environmental and
nutritional stress indicators (Bastida et al., 2008; Muhammad et al., 2014). Total PLFA
concentration is correlated with the total concentration of soil microbial biomass (Bailey et al.,
2002; Zelles, 1997). Since phospholipids are present in all living cells’ membrane and has been
found to be sensitive to changes in soil microbial biomass (Frostegård et al., 1993; Grayston et
al., 2001).
5.2.4. Statistical analysis
The 2015 and 2016 data were combined due to year factor was considered a random
effect, and analyzed using the MIXED MODEL procedure on SAS JMP 14 (SAS, 2018).
Nitrogen fertilization management and soil technology were considered fixed variables and
blocks were random variables. The absolute abundance of microbial groups PLFA (nmol g-1)
was used as dependent variable in the procedure. Means separation was performed using the
least square means test on SAS JMP 14. The effects of treatments on response variables were
considered different when P ≤ 0.05. Interactions not presented were not significant (P > 0.05).
The post-hoc least significant difference (LSD) test at P < 0.05 was used to evaluate the main
factors effect when differences were significant. Spearman’s correlation coefficient measured the
statistical dependence between the variables. All treatments from the 2015 and 2016 combined
data set were used to calculate the correlation of the variables in order to determine an overall
relationship of the evaluated microbial parameters with the soil properties.

144

Principal component analysis (PCA) was conducted to determine the microbial
community PLFA structure response pattern after the application of soil technologies on each
fertilization management separately. Bi-plots showing the vector length and directions as well as
the distribution of the variables were constructed using the Multivariate methods, and significant
(P < 0.05) nonparametric correlation analysis among factors were determined using the
Spearman’s coefficient on SAS JMP 14 (SAS institute). The data of relative abundance of
microbial groups PLFAs (mol%), soil properties and environmental stress indices from 2015 and
2016 were combined and used as input values in PCA and Spearman’s correlation coefficient
determination.
5.3. Results and discussion
5.3.1. Soil properties
There was no significant interaction between fertilization management and soil
technology. Therefore, the effects of fertilization management and soil technology were analyzed
separately and presented a significant effect on soil total carbon, total nitrogen, and C:N ratio on
regular seasons (Table 5.1). There were no significant effects on soil pH. Manure and biochar
application increased the soil total carbon, which is associated with the high content of carbon on
these two amendments. In particular, Dias et al. (2010), Jindo et al. (2012) and Moral et al.
(2005) reported that cattle manure and biochar contain low water-soluble carbon, possibly
resulting in more stable forms of carbon are present in the soil, which may decrease the
decomposition rate of these material by the microorganisms. That also may be the reason manure
applied soil presented a greater total nitrogen content, since the C:N for manure is much lower
than in the biochar. Manure and urea fertilization decreased the C:N ratio by providing nitrogen
to the soil, however manure also added carbon indicated by a higher C:N ratio compared with
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urea fertilization. Biochar application increased the total nitrogen content likely due to an
improvement of cation exchange capacity and retention of nitrogen in the soil (He et al., 2018;
Major et al., 2010).
Table 5.1. Effect of fertilizer management and soil technology on soil pH, total carbon, total
nitrogen, and C:N ratio on regular season.
pH
Total C
Total N
C:N
Fertilizer
No fertilizer
5.54
23.62b
2.12c
11.11a
Manure
5.57
27.14a
2.76a
9.84b
Urea
5.56
23.96b
2.68b
8.95c
P-value
0.4663
< 0.0001
< 0.0001
<0.0001
Soil technology
No technology
5.55
23.83b
2.51b
9.57b
Biochar
5.55
27.14a
2.59a
10.63a
NBPT+DCD
5.55
23.75b
2.46b
9.70b
P-value
0.9727
< 0.0001
0.0015
<0.0001
Within a column treatment means followed by the same letter are not significantly different at α level of 0.05
(LSD post-hoc test).

Fertilization management had a significant effect on total carbon, total nitrogen, and C:N
ratio after one year of treatments application (Table 5.2). And soil technology application had a
significant residual effect on soil pH, total carbon, and C:N ratio. Biochar increased the soil pH
after one year of application, which could be relative to the ash solubilization remaining in the
biochar. That process may have released cations in the soil, which promoted the increase of soil
pH (Hammond et al., 2013).
A residual effect of manure and urea on soil total carbon and nitrogen concentration was
also measured. The increased total carbon and nitrogen was likely due to an enhancement of
humus formation by narrowing the C:N ratio (Schlesinger, 2008). Manure fertilized soil
presented a lower C:N ratio than urea because of the slow release of nitrogen after manure
mineralization (Pettygrove et al., 2009). Biochar increased the soil C:N ratio by adding stable
carbon forms to the soil. These results are consistent with a previous study, in which biochar
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increased 50% of the total carbon concentration in soils amended with biochar at a rate of 1%
(w:w) (Muhammad et al., 2014).
Table 5.2. Effect of fertilizer management and soil technology on soil pH, total carbon, total
nitrogen, and C:N ratio after one year of treatments application.
pH
Total C
Total N
C:N
Fertilizer
No fertilizer
5.96
24.66b
2.23c
11.15a
Manure
6.01
25.90a
2.90a
8.91c
Urea
5.91
26.58a
2.71b
9.85b
P-value
0.3679
0.0002
< 0.0001
<0.0001
Soil technology
No technology
5.89b
23.95c
2.53
9.57b
Biochar
6.09a
28.21a
2.68
10.78a
NBPT+DCD
5.90b
24.97b
2.63
9.56b
P-value
0.0144
< 0.0001
0.0679
<0.0001
Within a column treatment means followed by the same letter are not significantly different at α level of 0.05
(LSD post-hoc test).

5.3.2. Microbial biomass and communities
The nitrogen fertilization management had no significant effect on the soil total PLFA
and microbial groups (Table 5.3). Our results differed from previous studies that evaluate the
effects of fertilizer types in a hayed pasture sandy loam soil. Jangid et al. (2008) found that the
PLFA sum on the soil under beef manure fertilizer (94 nmol g soil -1) was higher than the one
under inorganic fertilizer (72 nmol g soil -1). The authors attributed these results to either
introduction of microorganisms into the soil from the organic fertilizer or modification in soil
physicochemical properties by the organic fertilizer. However, a recent study that evaluated the
microbial community structure in a silt loam soil found that manure applications had no
significant effect on fungal biomass but increased bacterial biomass, which could be due to fecal
bacteria added with the manure (Shi et al., 2018). Research has demonstrated that applications of
urea increases significantly the bacterial abundance in acidic and alkaline soils (Fan et al., 2018).
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However, nitrogen fertilization with ammoniacal fertilizers tends to acidify the soil since the
nitrification process generates and releases protons into the soil (Bolan et al., 1991) which would
contribute to decreases in soil bacteria activity under lower pH (Ernfors et al., 2014). As
fertilization managements did not affect the soil pH, that could be the reason why the bacteria
PLFA was not affected by manure and urea fertilizers.
Fertilization management presented a significant effect on the absolute abundance of Gbacteria, actinomycetes, total bacteria and arbuscular mycorrhizal fungi after one year of
treatments application demonstrating a residual effect of beef manure applications (Table 5.4).
The manure fertilization reduced 24% of G- bacteria, 16% of actinomycetes, 15% of total
bacteria and 14% of arbuscular mycorrhizal fungi absolute abundances. These results were not
expected since the addition of organic fertilizer has been associated to an increase on bacterial
and fungal populations (Bittman et al., 2005; Neufeld et al., 2017). The increase of fungi is
associated to a lower soil organic C:P ratio and high availability of P as a consequence of manure
fertilization (Ma et al., 2016). However, the reduction of these microbial groups may be due to
the presence of antibiotics in the manure which is widely used to prevent diseases in animals
(Chessa et al., 2016). Some amounts of these antibiotics are excreted by the livestock since they
are not entirely absorbed by the animal gut (Kumar et al., 2005). That may be due to the use of
raw manure (without composting) in our experiment.
There was also no significant effect on the total PLFA and microbial groups across the
soil technologies applied on this experiment. Similar results were found in a recent study that
biochar had no significant effect on the total and on the microbial groups individual PLFAs in a
clay loam soil (Prayogo et al., 2014). Many studies showed that biochar application to soil
inhibited mineralization of soil organic carbon after a short-term increase following the
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application (Lehmann et al., 2011; Luo et al., 2011; Zimmerman et al., 2011) which can decrease
microbial biomass due to unavailability of substrate. However, the mineralization reduction is
relative to the type of biochar, especially when applied to soils with high organic matter content
as grasslands (Cross and Sohi, 2011).
The mechanisms of which biochar controls the mineralization rate include (1) release of
soluble phenolic materials that inhibit degradative enzymes; (2) release of soluble carbon
reducing mineralization of organic carbon; (3) sorption of organic carbon which would protect
carbon from decomposition; (4) sorption of enzymes reducing their effectiveness and decreasing
organic matter turn-over; (5) enhancement of microbial biomass, so the carbon is immobilized
into microbial tissues rather being mineralized; and (6) shift in pH modifying microbial
community diversity and abundance (Jones et al., 2011). Based on results of this study, the
mechanisms (5) and (6) did not contribute to the mineralization rate followed biochar application
since there were no enhancement of microbial biomass either shifts in soil pH. Therefore, the
most likely mechanism that controlled the mineralization in this study was the inhibition of
degradative enzymes since carbon and nitrogen content were higher after biochar addition to the
soil.
Although previous research has demonstrated that NBPT+DCD application clearly
decreased ammonia oxidizers and denitrifying bacteria (Di et al., 2009; Guo et al., 2013; Shi et
al., 2017), our results did not follow these expectations. Reduction on NH4+ by DCD may reduce
the abundance of ammonia oxidizing bacteria (Dai et al., 2013; Pembleton et al., 2013).
Ammonia oxidizing bacteria (AOB) are involved on the conversion of NH4+ into NO3-, which is
the end product of nitrification. The effect on AOB population is mainly due to DCD
bacteriostatic effect which is different from a bactericide effect that harms the bacteria itself
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(Zacherl and Amberger, 1990). The effect of urease inhibition by NBPT may decrease the
abundance of AOB as well. Shi et al. (2017) suggested that NBPT can inhibit intracellular
nitrification on ammonia oxidizers. Previous results from culture-dependent studies showed that
AOB can absorb urea by diffusion and they are capable of hydrolyzing that urea to be used as a
substrate source (Burton and Prosser, 2001; Koper et al., 2004). Therefore, NBPT can inhibit the
enzyme urease within the cells of AOB limiting the substrate for the intracellular nitrification
(Shi et al., 2017). Another explanation was given by Kumar et al. (2015), NH3 is the substrate for
the ammonia monooxygenase enzyme rather than NH4+ in the nitrification process (Norton and
Stark, 2011). Therefore, the availability of NH3 is limited due to NBPT inhibiting effect of the
urea hydrolysis in the soil.
Table 5.3. Effect of fertilization management and soil technology on total PLFA and microbial
community groups PLFAs absolute abundance on regular season.
Total
G+
GActino
Bacteria
AMF
SF
PLFA
--------------------------------------nmol g soil -1------------------------------------Fertilizer
No fertilizer
342.5
34.6
8.6
11.9
55.2
2.1
7.6
Manure
348.3
37.5
9.5
12.2
59.2
2.3
7.4
Urea
345.5
35.9
8.6
12.2
56.6
2.1
7.1
P-value
0.8975
0.1569
0.2911
0.7083
0.2459
0.2337
0.4069
Soil
technology
No technology
347.4
36.3
9.0
12.1
57.4
2.1
7.5
Biochar
355.5
36.7
9.1
12.4
58.2
2.2
7.6
NBPT+DCD
333.4
35.0
8.6
11.8
55.5
2.1
7.0
P-value
0.2275
0.4822
0.7622
0.3853
0.5065
0.3655
0.3873
G+ (Gram positive bacteria); G- (Gram negative bacteria); Actino (actinomycetes); AMF (arbuscular mycorrhizal
fungi); SF (saprophytic fungi)
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Table 5.4. Fertilization management and soil technology residual effects on total PLFA and
microbial community groups PLFAs absolute abundance.
Total
G+
GActino
Bacteria
AMF
SF
PLFA
--------------------------------------nmol g soil -1------------------------------------Fertilizer
No fertilizer
422.1
10.6
3.3a
3.7a
17.6a
0.7a
2.4
Manure
388.3
9.4
2.5b
3.1b
15.0b
0.6b
2.0
Urea
413.1
10.5
3.3a
3.7a
17.4a
0.7a
2.2
P-value
0.3661
0.0623
0.0146
0.0080
0.0167
0.0087
0.0556
Soil
technology
No technology
421.6
10.2
3.0
3.5
16.8
0.7
2.2
Biochar
396.3
10.3
2.9
3.5
16.7
0.7
2.2
NBPT+DCD
405.6
9.9
3.1
3.5
16.5
0.7
2.2
P-value
0.5779
0.7771
0.8253
0.9608
0.9447
0.8123
0.9608
G+ (Gram positive bacteria); G- (Gram negative bacteria); Actino (actinomycetes); AMF (arbuscular mycorrhizal
fungi); SF (saprophytic fungi)

Total PLFA showed a significant (P < 0.05) correlation with some microbial community
groups that include G- bacteria (r = 0.36), actinomycetes (r = -0.20) and saprophytic fungi (r =
0.35), indicating that total PLFA is significantly influenced by these groups of microbes (Table
5.5). Among the soil properties, the total nitrogen concentration presented a significant negative
correlation with actinomycetes (r = - 0.20) and total bacteria (r = - 0.20), indicating that these
two microbial community groups are negatively affected by the increase of nitrogen in the soil.
On the other hand, the soil C:N ratio presented a significant positive correlation with G- bacteria
(r = 0.20) and arbuscular mycorrhizal fungi (r = 0.23), indicating that the increase of soil carbon
related to nitrogen promoted the development of these two microbial community groups.
Therefore, the biochar application may be beneficial to G- and arbuscular mycorrhizal
population. Since G- bacteria are better adapted in environments with a high content of easily
degradable material, suggesting that the biochar facilitated the growth of these group of bacteria,
as found in previous studies (Muhammad et al., 2014; Steinbeiss et al., 2009). The arbuscular
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mycorrhizal fungi require a plant host to grow, contributing to nutrient uptake by the plants.
Consequently, since biochar increased the soil C:N ratio which is also positively correlated with
the arbuscular mycorrhizal fungi population, biochar may enhance the nutrient availability to the
plants by promoting the mycorrhizal association (Warnock et al., 2007).
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Table 5.5. Spearman’s correlation coefficient between microbial community corresponding PLFA markers, stress indices and soil
properties following treatments application.
PLFAt G +
PLFAt
G+
GActino
Bact
SF
AMF
Cy:Pre
I:A
Sat:Mo
F:B
G+:GpH
Ct
Nt
C:N

-0.19
0.36*
-0.20*
-0.06
0.35*
0.15
-0.07
0.18
-0.48*
0.49*
-0.60*
0.36*
0.12
0.03
0.08

G-

Actino Bact

SF

AMF

0.57*
0.82* 0.61*
0.95* 0.76* 0.89*
0.39* 0.62* 0.52* 0.53*
0.68* 0.81* 0.74* 0.82* 0.50*
0.03 -0.01 0.25* 0.06
0.15
0.11
*
*
*
-0.46 -0.11 -0.33 -0.39 -0.14 -0.22*
0.06 -0.47* 0.10 -0.07 -0.45* -0.22*
-0.25* 0.20* -0.04 -0.10 0.75* 0.06
0.00 -0.79* -0.16 -0.25* -0.51* -0.49*
-0.15 0.23* -0.11 -0.05 0.10
0.11
-0.12 0.06
-0.18 -0.09 -0.07 0.01
-0.16 -0.11 -0.20* -0.20* -0.17 -0.18
0.10 0.20* 0.11
0.16
0.18 0.23*

Cy:Pre I:A

-0.01
0.21*
0.13
0.08
-0.18
-0.11
-0.02
-0.05

-0.12
0.15
-0.16
0.08
0.06
0.12
-0.05

Sat:Mo F:B

-0.49*
0.66*
-0.35*
-0.15
-0.01
-0.11

G+:G- pH

Ct

Nt

-0.48*
0.23* -0.45*
-0.03 -0.14 0.18
-0.06 0.01 0.26* 0.48*
0.09 -0.16 -0.10 0.17 -0.70*

PLFAt (total PLFA); G+ (Gram positive bacteria); G- (Gram negative bacteria); Actino (actinomycetes); Bacte (bacteria); SF (saprophytic fungi); AMF (arbuscular mycorrhizal
fungi); Cy:Pre (cyclopropyl: precursor ratio); I:A (iso: anteiso ratio); Sat:Mo (saturated: monounsaturated ratio); F:B (fungi: bacteria ratio); G+:G- (Gram positive: Gram negative
ratio); Ct (total carbon); Nt (total nitrogen); C:N (Carbon: nitrogen ratio).
*
significant correlation at P < 0.05.
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5.3.3. Variation in soil microbial community structure in regular season
For the treatments without fertilizer, component 1 and component 2 accounted for 41.3%
and 18.6% of the data variability, respectively (Figure 5.1). The dispersed data of the treatment
without fertilizer and soil technology (C) showed a strong covariation within the treatment.
However, distinct microbial community structures were measured between soil treated with
biochar and NBPT+DCD. Biochar application increased the microbial biomass which is
positively correlated with the G- bacteria and saprophytic fungi abundances as well as the
fungi:bacteria ratio (Table 5.5). It also increased total carbon and nitrogen and C:N ratio in the
soil, which has been reported previously (Muhammad et al., 2014). A previous study also found
that the fungi proportion relative to bacteria increased due to an increase of soil C:N ratio in a
grazed pasture soil (Bardgett et al., 1996). The higher fungi:bacteria ratio indicates an increase of
the fungal hyphae length in the soil in order to increase the surface area of nutrient absorption by
the fungi. Therefore, higher fungi proportion relative to bacteria is expected in soils under low
nutrient conditions.
The environmental stress indices increased in soils treated with NBPT+DCD, likely due
to the reduction of available nitrogen substrate. The increase of saturated:monounsaturated and
G+:G- ratios was significantly correlated to the decrease of G- bacteria abundance after
NBPT+DCD application. Shi et al. (2017) found similar results that urease and nitrification
inhibitors decreased the gene abundance of nitrifier and denitrifier bacteria. All AOB that have
been characterized are described as G- bacteria (Kumar et al., 2015). The
saturated:monounsaturated and G+:G- ratios indicated a higher nitrogen content in the soil and
low availability of substrate (Bossio and Scow, 1998; Högberg et al., 2014). Therefore,
NBPT+DCD decreased the relative abundance of AOB in the soil without fertilizer. That
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decrease was a result of to the limited substrate available to nitrification by the nitrogen
stabilizers.
The actinomycetes and G+ bacteria showed a strong correlation with the total bacteria
relative abundance and soil pH. In contrast, previous studies reported that higher soil pH values
caused a shift to more G- bacteria and fewer G+ bacteria in the bacterial community (Jones et al.,
2009; Shen et al., 2013). However, opposite results were reported by other studies (Chu et al.,
2010; Rousk et al., 2010). These contrasting results indicated that although soil pH can clearly
influence the bacterial community composition, there are some different effects on specific
dominant bacteria phyla (Shen et al., 2013).

Figure 5.1. Principal components analysis bi-plot of non-fertilized treatments (C – without
fertilizer or amendment application; B – biochar alone; S – nitrogen stabilizers (NBPT+DCD))
based on microbial communities.
When fertilized with manure, component 1 and component 2 accounted for 41.4% and
22.5% of the data variability, respectively (Figure 5.2). Manure (M) presented negative values
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for component 1 and component 2, while manure with biochar (MB) had positive values for
component 1. Samples treated with manure + NBPT+DCD (MS) were widely dispersed
distribution indicated a high covariation within the treatment. The application of manure
fertilizer showed to increase microbial stress indices indicating the presence of complex carbon
compounds on manure that are not easily degradable. Recent studies found that the
cyclopropyl:precursor ratio is associated with the carbon availability, the ratio increased as the
available carbon decreased (van Diepen et al., 2010). In a recent experiment, addition of biochar
to the soil increased the cyclopropyl:precursor ratio, meanwhile, the iso:anteiso PLFA ratio
increased after biochar application, indicating that biochar at a rate of 3% (w:w) was not
beneficial to the soil microbial community (Muhammad et al., 2014). Higher iso:anteiso ratio is
an indicative of high organic matter C:N ratio, which was probably due to biochar addition
(Yokobe et al., 2018).
The soil pH, C:N ratio, total carbon and nitrogen, microbial biomass and fungi:bacteria
ratio showed higher values after manure with biochar application, which is in accordance with
previous studies (Jangid et al., 2008; Prayogo et al., 2014). Biochar addition to manure fertilizer
may have decreased the availability of substrates due to biochar strong adsorption ability,
promoting an increase of the fungi hyphae length to improve the access to nutrients (Hydbom et
al., 2017). Thus, the increase on microbial biomass by the addition of biochar to manure
fertilized soil was due to the increase on fungi community. That explanation was confirmed by
the decrease on the relative abundance of G- bacteria, actinomycetes, and G+ bacteria after
biochar addition to manure fertilized soil.
In addition, soil C:N ratio presented a positive correlation with G+:G- bacteria ratio
relative to PC1. Since G- bacteria are better adapted on the presence of easily degradable
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molecules as the G+ bacteria preferentially mineralize more complex compounds (Kramer and
Gleixner, 2008). Biochar addition to manure fertilized soils increased the complexity of the
organic compounds which favored the development of G+ bacteria community relative to Gbacteria.

Figure 5.2. Principal components analysis bi-plot of manure fertilized treatments (M – manure;
MB – manure + biochar; MS – manure + nitrogen stabilizers (NBPT+DCD)) based on microbial
communities.
On the treatments fertilized with urea, component 1 and component 2 accounted for
38.0% and 16.0% of the data variability, respectively (Figure 5.3). All the treatments presented a
dispersed distribution on the bi-plot. However, the urea (U) distribution presented negative
values for component 1 and component 2. While most of the urea with biochar (UB) had positive
values for PC2 and most of the urea with NBPT+DCD (US) had negative values for PC1 and
PC2. The biochar addition to urea seemed to increase the microbial biomass, G+ and G- bacteria,
actinomycetes and arbuscular mycorrhizal fungi.
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Biochar addition to urea fertilized soil promoted an increase on soil C:N ratio as observed
previously on the other fertilization managements. The soil C:N ratio showed a positive
correlation with all the microbial community. Therefore, biochar could have increased the
relative abundance and diversity of the microbial community in the soil fertilized with urea. The
mechanism of how biochar affects the microbial relative abundance and diversity may differ for
each group of microorganisms (Lehmann et al., 2011). In instance, biochar affected positively
the arbuscular mycorrhizal abundance by protecting the mycelium within biochar internal pores
(Warnock et al., 2007). Bacteria sorption to biochar surfaces may increase the bacterial
abundance (Pietikäinen et al., 2000). The ability of biochar to retain bacteria depends on several
properties including mineral content, volatile compounds and mainly pore size of the biochar
(Lehmann et al., 2011; Rillig and Thies, 2012). Therefore, biochar application to the soil can
increase microbial inhabitable surfaces and hence the microbial biomass.
Samples treated with urea + NBPT+DCD showed to reduce the microbial biomass and
increase the environmental stress indices. The same results were reported in previous studies (Shi
et al., 2016). The addition of nitrogen stabilizers to urea fertilizer presented a positive correlation
with G+:G- ratio. This result suggested that NBPT+DCD decreased the relative abundance of Grelative to G+ bacteria. Which confirmed that the application of nitrogen stabilizers had an
efficient effect on decreasing the relative abundance of AOB on the soil fertilized with urea. In
addition, soil pH presented a positive correlation with cyclopropyl:precursor and G+:G- ratios.
Hence, the addition of NBPT+DCD to urea fertilized soil may have increased the pH due to low
urea hydrolysis and nitrification processes and decreased the availability of carbon as energy
source to bacterial community (Shi et al., 2017).
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Figure 5.3. Principal components analysis bi-plot of urea fertilized treatments (U – urea; UB –
urea + biochar; US – urea + nitrogen stabilizers (NBPT+DCD)) based on microbial communities.
5.4. Conclusions
Microbial communities and total PLFA concentrations presented high covariation within
the treatments in the pasture soil. The use of manure as nitrogen fertilizer decreased G-,
actinomycetes, bacteria and arbuscular fungi absolute abundances in the soil 1 year after
application, indicating that antibiotic compounds could be presented on manure. Microbial
biomass as well as bacteria and fungi relative abundances in the soil had a positive correlation
with biochar application. However, the use of NBPT+DCD was detrimental to microbial
biomass, especially for bacteria and saprophytic fungi. These findings contribute toward an
understanding of the changes in soil microbial community structure in response to fertilization
managements. Moreover, the necessity to enhance nitrogen fertilizer use efficiency in forage
production in southern region of the United States could be facilitate by understanding the effects
on soil microbial populations.
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CHAPTER 6. EFFECT OF SOIL TECHNOLOGIES ON AGGREGATE STABILITY
AND CARBON IN A PASTURE SOIL UNDER DIFFERENT NITROGEN
MANAGEMENT
6.1. Introduction
Soil aggregate formation and stability is critical to the function of soil for sustainable
agricultural production and is an important parameter of soil health. Soil aggregates are formed
through interactions of physical, chemical and biological processes. Soil aggregates have a
defined shape and size, behaving as individualized and independent constituents (Six et al.,
2000). The arrangement of the aggregates configures soil pores geometry and determines the soil
structure. Soil aggregation occurs in two stages, the first related to the approximation of the
particles and the second with stabilization by cementing agents (Duiker et al., 2003). The
degradation of soil physical structure due to destruction of soil aggregates can lead to erosion
and consequently loss of mineral material, water, organic matter and nutrients, leading to
environmental pollution (Verlinden et al., 2017).
Aggregation has been used to evaluate soil quality (Bronick and Lal, 2005). The process
of aggregation involves a set of elements, among them, organic matter acts as a cementing agent
binding the soil particles. Therefore, the increase of soil organic matter content is considered a
priority not only for carbon sequestration but also for quality, fertility, nutrient cycling and soil
structural stability enhancement (Li et al., 2007). The aggregates are formed through the
interaction of microbial activity, root exudates and organic matter (Cheeke et al., 2012). Due to
enhanced soil structure, they contribute to a better water infiltration with less soil erosion. In
addition, they increase the amount of organic matter available, and allow development of roots
between them (Coleman and Wall, 2015). Conservation practices of soil management have the
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ability to maintain the aggregation capacity of the soil and to preserve the stability of the
particles over time (Loss et al., 2011).
Soil aggregates are generally divided into three size classes including macro-aggregates
(> 2000 μm), meso-aggregates (250-2000 μm) and micro-aggregates (<53-250 μm). Particles
smaller than 53 μm are mainly clays and silts. Aggregation mechanisms of different size classes
of aggregates are influenced by organic matter. For instance, micro-aggregates are formed by
soil particles that are bound by persistent binding agents such as humified organic matter or
complexes with polyvalent cations, oxides and aluminosilicates (Alagöz and Yilmaz, 2009).
These stable micro-aggregates are bound by temporary binding agents (fungal roots or hyphae)
and transients (polysaccharides derived from microorganisms or plants), forming macroaggregates and meso-aggregates (Besalatpour et al., 2013). Soil aggregate size classes have been
used to estimate the mean weight diameter (MWD), which is commonly used to express
aggregate stability (Blair, 2010). In general, the greater the MWD, the more stable the
aggregates.
Grasses present a well-developed root system, which favors the aggregation of soil
particles and greater contribution in pasture field of organic matter by the root system. They are
able to physically group the soil particles and by releasing exudates, grass plants stimulate the
cementation of these particles and the accumulation of C (Bronick and Lal, 2005). In a previous
study that compared the size and distribution of aggregates in soils, Almeida et al. (2014) found
that the aggregates in pasture soil presented higher mean weight diameter (MWD) among the
evaluated land uses including corn and eucalyptus production systems.
Organic waste, especially animal manure has been used as fertilizer and soil conditioner
to improve soil fertility and physical condition (Kunz et al., 2005; Verlinden et al., 2017).
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Previous studies showed that bovine manure enhanced the structural quality of the soil, due to
the improvement of physical attributes such as soil density, macro-porosity and MWD
(Bhattacharyya et al., 2007; Hurisso et al., 2013; Maillard and Angers, 2014). Although a large
number of published papers point to improvements in soil aggregation with the application of
animal waste, some researchers have observed dispersive effect upon animal waste application,
which lead to an increase in clay dispersion, disaggregation of soil and higher soil losses by
erosion. They attributed that dispersive effect to the accumulation of sodium (Na+) in the soil
solution after the application of cattle wastewater and swine manure (Erthal et al., 2010; Homem
et al., 2014). Therefore, the varying type and property of manure affect soil aggregation
differently.
Recently, biochar, a pyrolyzed product of waste biomass has been applied to agricultural
fields for improving soil quality, organic matter accumulation, and nutrient availability (Sun and
Lu, 2014). Due to its characteristics, such as long degradation time, recalcitrant chemical
structure, high specific surface area, and hydrophobicity, biochar is relatively inert in the soil and
highly stable, which can contribute to the improvement of physical and chemical characteristics
of the soil (Petter and Madari, 2012). According to Lehmann and Joseph (2015), biochar has a
low density and are chemically formed by aromatic polycyclic structure of high degree of
condensation. Biochar acts in the same way as the organic matter. Because it presents a specific
surface bigger than the sand and equal to or higher than that of the clay, biochar increases the
specific surface of the soil (Beck et al., 2011). A previous study found that biochar amended
soils presented higher aggregate stability than the soils without biochar (Van Zwieten et al.,
2010).
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Accumulated losses of organic carbon from the soil result in low organic matter stocks
and this has a direct influence on soil quality depreciation, which interferes with the
sustainability of ecosystems. The loss of organic matter not only compromises the basic
functions of the soil but also decreases soil productivity (Baldock and Nelson, 2000). Through
adopting practices that result in increasing the soil carbon such as the addition of bovine manure
and biochar, it is possible to reverse soil degradation by restoring the functional capacity of soil.
This has both, sustainability and environmental importance. In the present study, we evaluate the
effect of different soil technologies on the aggregate stability in a pasture soil under manure and
urea fertilization managements and the organic matter composition, which has not been
adequately addressed in the hot and humid southern region of United States. We hypothesize that
integration of biochar and manure will enhance soil aggregation and carbon accumulation within
aggregate fractions. In addition, the effect of nitrogen stabilizer along with the use of different
nitrogen sources are also evaluated.
6.2. Material and methods
6.2.1. Site and experimental description
The present study was conducted during the 2015 and 2016 growing seasons on
established bermudagrass (Cynodon dactylon L. Pers.) pasture at the Louisiana State University
Agricultural Center (LSU AgCenter) Iberia Research Station (IRS) located in Jeanerette, LA
(29°57′54″ W; 91°42′54″ N; elevation 5.5 m). The experiment was initiated on June 29 in 2015
and May 24 in 2016. The soil type was classified as Baldwin silty clay loam (fine, smectitic,
hyperthermic, Chromic Vertic Epiaqualfs) with 98% of hydric components according to USGS
Web Soil Survey (NRCS, 2018). The soil contained 38% clay, 54% silt and 8% sand. The
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bermudagrass field on the site was used for hay production and there was no animal grazing
during the experimental period.
Treatments were arranged in a randomized complete block design with four replicates.
Treatments consisted of a factorial combination of three N fertilization management (no N
fertilizer, manure and urea) and three soil technologies (none, biochar and NBPT+DCD). The
treatments included 1) control (CT) without fertilizer or amendment application; 2) biochar alone
(BC); 3) nitrogen stabilizers - NBPT+DCD (NS); 4) manure (MA); 5) manure and biochar
combined (MB); 6) manure and nitrogen stabilizers - NBPT+DCD combined (MS); 7) urea
fertilizer (UR); 8) urea and biochar combined (UB); and 9) urea + NBPT+DCD stabilizers (US).
Plots were 4.0 x 2.5 m (10 m2) separated by a 1 m wide buffer row. The blocks were allocated
based on the slope of the area and treatments were randomly distributed within each block.
Nitrogen fertilizer was applied at rate of 224 kg N ha-1 yr-1. Urea and the urea+ Nstabilizers (urea coated with 0.09% NBPT and 1.05% DCD of urea weight) were applied at a rate
of 487 kg ha-1 in two split applications of 243.5 kg ha-1, with the first application on day 0 of the
experiment and the second application on day 60 in 2015 and on day 45 in 2016. At each
application of urea or urea with N-stabilizers, granular inorganic fertilizer treatments were
uniformly top-dressed by hand over the plots each time. At the research station, raw beef manure
(without composting) was collected from pens where cows were fed hay ad libitum. The material
was collected 3 times in one week and stored in bags until we had the amount necessary of
manure to achieve the required nitrogen rate on a dry weight basis. The manure rate was applied
based on 50% of the N content in manure are plant available. (Chambers et al., 1999; Muñoz et
al., 2004). Manure contained little or no straw and comprised 72.4% of moisture at the time of
application. The resulting rate of 18 Mg ha-1 of manure on dry weight basis (average 2.5%
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nitrogen content) was applied only at the beginning of each experiment to supply nitrogen for
two harvests in both years.
Biochar (Waste to Energy Solutions Inc., Destin, FL, USA) was produced from pine
woodchip at pyrolysis temperature of 500 °C was used for this study. It had 98.9 g per kg of ash
content, determined using ASTM standard D1762-84 (2013) and pH 6.5, which is low compared
with the pH range normally observed for biochars (Xu et al., 2011). The application rate of
biochar was 10 Mg ha-1 (on dry weight basis) manually surface applied in the respective plots at
the beginning of the experiment each year. The nitrogen stabilizer solution containing 6.5%
NBPT and 81.2% DCD was pulverized over the plots with manure and without any nitrogen
fertilizer at the beginning of both harvests at a rate of 5.6 kg ha-1 of nitrogen stabilizer.
6.2.2. Soil sampling and characterization
Soil samples were collected from the site on the final day of the experiment for each
season (October 10 in 2015 and September 9 in 2016). The collected soil samples were sieved to
4 mm and stored at 4 °C. All plant material removed from samples prior the sieving. Sand, silt
and clay contents in the soil were determined using the hydrometer method (Day, 1965). Soil pH
was determined after equilibrating 10 g of dry soil with 10 ml of deionized water for 30 min and
measured using a pH-meter (McLean, 1982). Soil total carbon and total nitrogen contents were
determined by dry combustion (McGeehan and Naylor, 1988) using a macro elemental CHNOS
analyzer (Vario EL Cube, Elementar Americas Inc., Mt Laurel, NJ).
6.2.3. Aggregate fractionation
Soil samples were fractionated in four aggregate sizes: <53 µm, 53-250 µm, 250-2000
µm and >2000 µm using wet-sieving procedure (Kemper and Rosenau, 1986). Specifically, the
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oven-dried soil (100g) was immersed in water on a nest of sieves (2000, 250 and 53 µm) for 10
min before wet-sieving. The sieve assembly was oscillated up-and-down by a pulley
arrangement for 5 min at a frequency of 30–35 cycles per minute with a stroke length of 3-4 cm
in salt-free water inside the bucket. The aggregates remaining on each sieve were washed onto a
pre-weighed petri dish, oven-dried at 105 °C for 24 h, and weighed. The soil samples that pass
through 53 µm sieve were also collected and oven-dried at 105 °C for 24 h, and weighed. The
sand content of the physically fractionated samples was determined by dispersing 5 g of the
fraction in 20 ml of 5% sodium hexametaphosphate and sieving through a 53 µm screen for all
size classes except for the <53 µm size (Elliott et al., 1991). The mean weight diameter (MWD)
was calculated as the sum of the mass fraction remaining on each sieve after sieving relative to
total soil used, multiplied by the mean aperture of the adjacent sieves (Bottinelli et al., 2017).
6.2.4. Soil organic carbon characterization
Molecular composition of soil organic matter of each aggregate fraction from each
treatment was characterized using Fourier-transform infrared spectroscopy (FT-IR). The FT-IR
analysis was carried out using a Nicolet NEXUS 670 FT-IR Spectrometer (Nicolet 6700, Thermo
Scientific, USA) in the range of 600-4000 cm-1 with a resolution of 4 cm-1. The number of scans
for each sample was 76 and they were averaged to obtain the spectrum. The intensity of each
absorption band was measured as heights from the baseline.
6.2.5. Statistical analysis
All data were analyzed using the MIXED MODEL procedure on SAS JMP 14 (SAS
institute). Nitrogen fertilization management, soil technologies and year were considered fixed
variables and blocks were random variables. Means separation was performed using the least
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square means test on SAS JMP 14. The effects of treatments on response variables were
considered different when P ≤ 0.05. Interactions not presented were not significant (P > 0.05).
The post-hoc least significant difference (LSD) test at P < 0.05 was used to evaluate the main
factors effect when differences were significant.
6.3. Results and discussion
6.3.1. Aggregates size distribution
Average distribution of two year experiments were reported in order to assess the effects
of treatments on aggregation. Soil treatments had a significant effect on the size of aggregates in
the soil (Table 6.1). In general, the soil fertilized with manure presented higher percentage
aggregates fractions and mean weight diameter (MWD) than the soil without fertilization and
fertilized with urea. Aggregation distribution was dominated by the meso-fraction (250-2000
µm) followed by macro-aggregates (>2000 µm) and then micro-aggregates (53-250 µm) on all
treatments. Manure fertilization increased the proportion of macro-aggregates and mesoaggregates but decreased the proportion of micro-aggregates. These results suggest that organic
matter input as manure can significantly enhance formation of larger aggregate fraction in this
silt clay loam soil, a result that was also found in other fine-textured soils (Gentile et al., 2011).
This could be due to the higher carbon content and microbial activity (Bhattacharyya et al.,
2007). Biochar treatment also increased macro-aggregate and meso-aggregate fraction but its
effect on meso-aggregate fraction was not significant. The MWD also increased after biochar
application, suggesting enhanced aggregate stability. These are consistent with previously
reported results, in that manure and urea fertilization increased the aggregates MWD (Hurisso et
al., 2013; Maillard and Angers, 2014; Plaza-Bonilla et al., 2013). The interaction of biochar with
soil particles could lead to the formation of water-repellent coating on aggregates (Bachmann et
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al., 2008) and formation of biochar-cation complexes (von Lützow et al., 2007). Thus, biochar
may present a potential to bind soil particles forming and stabilizing aggregates.
Table 6.1. Distribution of sand-free aggregates fractions and mean weight diameter (MWD)
determined for different treatments. Data reported are average of two years experiment.
Treatment
Percent aggregate fraction (%)
> 2000
250-2000
53-250
< 53
MWD (µm)
Fertilizer
Without fertilizer
31.4c
40.7b
9.0a
18.83a
623.09c
Manure
36.1a
44.3a
6.2b
13.40c
664.75a
Urea
33.4b
41.3b
8.0ab
17.28b
634.98b
P-value
< 0.0001
0.0004
0.0465
< 0.0001
< 0.0001
Soil technology
Without Technology
Biochar
NBPT+DCD
P-value

31.2c
37.1a
32.7b
< 0.0001

41.9
43.3
41.2
0.0541

8.8a
5.5b
8.8a
0.0072

18.19a
14.10b
17.23a
< 0.0001

628.01b
659.42a
635.39b
< 0.0001

Within a column treatment means followed by the same letter are not significantly different at α level of 0.05 (LSD
post-hoc test).

Figure 6.1 further showed that soil technologies had a significant effect on the aggregates
MWD within each nitrogen fertilization management. Biochar clearly increased the mean size of
the aggregates on all fertilization managements, although the effects were subtle on the soils
fertilized with urea.
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Figure 6.1. Mean weight diameter (µm) of soil aggregates after treatment application. Within
fertilization management, the soil technology (means ± SE) bars followed by the same letter are
not significantly different at α level of 0.05 (LSD post-hoc test).
Fertilization and soil technologies presented significant effects on total carbon content in
soil aggregates (Table 6.2). Both, manure and urea fertilizer increased the carbon content of the
aggregates, although the differences were significant only on meso-aggregates. Manure
fertilization presented significantly greater total carbon concentration on 250-2000 µm aggregate
class size. He et al. (2015) showed similar result in their study on wheat and corn fields, and
attributed to an increase of labile organic carbon content due to manure fertilization subject to
partial microbial decomposition. Among the aggregate fractions, total carbon in the aggregates
from the soil fertilized with manure ranged from 26.3 to 29.5 g kg-1. The average total carbon in
the soil fertilized with urea was very similar, ranging from 26.4 to 29.2 g kg-1. The averages of
soil total carbon for manure and urea fertilization management were 27.8 g kg-1 and 27.3 g kg-1,
respectively, compared to 25.6 g kg-1 in the soils without fertilization. Similar results have been
reported in previous studies which found nitrogen fertilization increased soil carbon
concentration through carbon and nitrogen inputs from the increase in root biomass residue due
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to greater plant growth (Giacometti et al., 2013; He et al., 2015). It is interesting to note that in
the micro-aggregates, the values of total carbon were generally higher than the other size class
aggregates. These results suggest that regardless treatment applied, micro-aggregates held more
carbon.
Biochar application increased the carbon content on all aggregate size classes, although
the differences were significant only on meso-aggregates and micro-aggregates. The aggregates
total carbon content of the soil under biochar treatment ranged from 26.5 to 28.1 g kg-1 with the
mean value of 27.3 g kg-1. The mean values of the aggregates total carbon content in the soil
without technology and with NBPT+DCD application were 25.3 g kg-1 and 25.8 g kg-1,
respectively. Similar results were found on previous studies on clayey soil, in China and
Colorado, which biochar increased the total carbon content on all soil aggregate fractions except
in the > 2000 µm class size (Kelly et al., 2017; Sun and Lu, 2014). The accumulation of carbon
into smaller aggregates due to biochar application indicated that smaller particles of biochar were
not incorporated into larger aggregates. Brodowski et al. (2006) attributed that result to the
relatively inert and recalcitrant carbon content in biochar that in the absence of microbial activity
may have been rapidly adsorbed to clay minerals which promoted aggregation of soil particles.
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Table 6.2. Total carbon content (g kg-1) of each soil fraction after treatments application.
Treatment
Carbon content
> 2000 µm
250-2000 µm
53-250 µm
< 53 µm
Fertilizer
Without fertilizer
23.8
24.6b
28.3
26.86
Manure
26.3
27.6a
29.5
25.77
Urea
26.4
26.4ab
29.2
24.01
P-value
0.2506
0.0270
0.4460
0.1376
Soil technology
Without Technology
Biochar
NBPT+DCD
P-value

24.3
26.5
25.8
0.4482

24.3b
27.3a
24.3b
< 0.0001

27.2b
28.1a
27.3b
0.0126

26.64a
26.77a
23.24b
0.0277

Within a column treatment means followed by the same letter are not significantly different at α level of 0.05 (LSD
post-hoc test).

6.3.2. Organic matter characteristics
The main bands identified in the spectra correspond to out-of-plane aromatic ring C-H
bonds (781 cm-1); CO32- in calcite and dolomite groups (874 cm-1); stretching of Si-O and C-O
stretching of polysaccharides (1008 cm-1); phosphate - PO43- (1028 cm-1); symmetric stretching
of COO- (1427 cm-1); stretching of the C=C in aromatic ring (1620 cm -1); C=O in carboxylic
acids and amides (1637 cm-1); symmetric aliphatic C-H stretching of CH2 and CH3 (2849 cm-1);
and asymmetric aliphatic C-H stretching of CH2 and CH3 (2916 cm-1) (Baumann et al., 2016;
Grube et al., 2006; Silverstein et al., 2014). The absorption bands and signal intensities observed
correspond to the main soil organic matter components and are consistent with those reported on
previous studies (Baumann et al., 2016; Parolo et al., 2017; Silverstein et al., 2014).
The main changes in the distribution of soil aggregates were observed in soil aggregate
fractions of biochar, urea and manure treatments (Figure 6.2). Regardless aggregate sizes,
biochar application increased the signal intensity of CO32- (874 cm-1) and COO- (1427 cm-1),
whereas urea and manure fertilization increased the signal intensity of C=O in amides (1637 cm-
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1

). Manure fertilization also increased the signal intensity of aliphatic C-H (2849 cm-1 and 2916

cm-1) and PO43- groups (1028 cm-1). Clearly these treatments add different functionality to soil.
In addition, treatments effect within the aggregate size classes were assessed by the
intensity ratio of the bands 1008 cm-1 and 781cm-1, which indicated the relative presence of
polysaccharides to aromatic carbon in each aggregate fraction. Since polysaccharides are an
important bonding agent in soil aggregation (Abdollahi et al., 2014). The higher the ratio, the
greater the polysaccharides play the role in binding soil particles within each aggregate fraction.
The ratios of 1008 cm-1 to 781 cm-1 were 1.03, 1.05, 1.08, and 2.18 in soil particles (< 53 µm);
1.04, 1.07, 1.10, and 1.59 in micro-aggregates; 1.04, 1.08, 1.12, and 1.46 in meso-aggregates;
and 1.05, 1.05, 1.15, and 1.39 in macro-aggregates of the control, biochar, urea and manure soil
treatments, respectively. There was a notable difference only on the aggregates from the soil
fertilized with manure that presented a higher polysaccharides relative to aromatic carbon
content than the other treatments. Within the manure treatment, the < 53 µm particles had the
highest ratio (2.18) followed by micro-aggregates (1.59), meso-aggregates (1.46) and macroaggregates (1.39). These results implied that macro-aggregates and meso-aggregates on manure
fertilization may be due to polysaccharides binding micro-aggregates, which is in agreement
with previous studies (Elmholt et al., 2008; Schjønning et al., 2002).
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Figure 6.2. Aggregates FT-IR spectra with organic matter specific signal intensities of fertilization
management and biochar.
The stabilization of aggregates against disruptive processes by soil organic matter occurs
through two major mechanisms (Goebel et al., 2007). The first mechanism is organic matter
increases the cohesion of soil particles through binding organic polymers to mineral particles.
The second is reducing the wettability of aggregates and consequently preventing microbial
decomposition and air slacking (Chenu et al., 2000; Goebel et al., 2007). In order to understand
water repellency on each soil aggregate fraction, the hydrophobicity of soil organic matter was
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estimated from the ratio between the peaks intensity of bands from 3000-2800 cm-1 (hydrophobic
component) and 1740-1600 cm-1 (hydrophilic component) (Matějková and Šimon, 2012).
Aliphatic C-H groups contribute to nonpolar components of organic matter and carbon functional
groups containing nitrogen and/or oxygen are relatively polar components (Parolo et al., 2017).
The ratio values of control, biochar, urea and manure treatments are presented on table 6.3. In
general, large aggregate fractions had higher hydrophobicity then smaller aggregates. Soil
particles < 53 µm exhibited the lowest hydrophobicity. On the other hand, manure fertilization
tends to increase hydrophobicity of macro-aggregates while biochar addition tends to increase
hydrophobicity of both macro-aggregates and meso-aggregates. These results were likely due to
the increase of organic carbon caused by manure and biochar application. The higher organic
carbon content is found to positively correlates with hydrophobicity (Harper et al., 2000;
McKissock et al., 2003).
Table 6.3. Hydrophobicity of soil organic matter in each aggregate fraction.
Treatment
Hydrophobicity
> 2000 µm
250-2000 µm
53-250 µm
< 53 µm
Control
0.63
0.59
0.56
0.21
Biochar
0.69
0.71
0.52
0.24
Urea
0.67
0.62
0.53
0.25
Manure
0.74
0.62
0.58
0.26

In order to further understand the effects of biochar and nitrogen stabilizers application
on manure fertilized soil, FT-IR spectra for each aggregate fraction are presented in Figure 6.3.
Biochar application in manure fertilized plots notably increased the signal intensity of CO32- (874
cm-1) which are known to relate to the ash content in biochars produced at temperatures below
700°C (Enders et al., 2012). In addition, biochar application increased the COO- assigned to
carboxyl groups (1427 cm-1). The increase of carbonates and carboxylates in biochar-amended
soils has been reported by several previous studies (Cheng et al., 2006; Lehmann et al., 2005;
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Nguyen et al., 2009; Whitman, 2011). Carboxyl groups have been suggested to promote organomineral interactions (Mouvenchery et al., 2012). The addition of biochar to manure-treated soil
increased the signal intensity of all bands, suggesting that biochar enhanced functionality of
organic matter in manure fertilizer. Because of large surface area, porous structure and reactivity
of biochar, its interaction with manure is expected to protect aggregates from microbial
degradation (Weng et al., 2017). However, the addition of biochar alone has been shown to have
little effect in improving soil aggregation (Hagemann et al., 2017; Jeffery et al., 2015).
Therefore, these results support that biochar promotes the stabilization of organic compounds in
manure-amended soils as a result of organo-mineral interactions (Joseph et al., 2010).
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Figure 6.3. Manure fertilization management aggregates FT-IR spectra with organic matter
specific signal intensities.
The hydrophobicity of organic matter within each aggregate fraction from manure
fertilized treatments is demonstrated in Table 6.4. The hydrophobicity reduced as the aggregates
size decreased, which implied a lower interaction between water and the surface of bigger
aggregate fraction. The addition of biochar in manure-fertilized soil slightly decreased the
hydrophobicity in the macro-aggregates (0.71), the micro- aggregates (0.53) and the soil particles
< 53 µm (0.21), compared with manure alone. However, biochar increased the hydrophobicity in
the meso-aggregates (0.75). Since hydrophobic components of organic matter were positively
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correlated to aggregate stability (Matějková and Šimon, 2012). These results indicate that the
biochar addition to manure primarily enhances the stability of meso-aggregates.
Table 6.4. Hydrophobicity of soil organic matter in each aggregate fraction.
Treatment
Hydrophobicity
> 2000 µm 250-2000 µm 53-250 µm < 53 µm
Manure + Biochar
0.71
0.75
0.53
0.21
Manure + N-Stabilizer 0.75
0.67
0.59
0.25
Manure
0.74
0.62
0.58
0.26
6.4. Conclusions
Nitrogen fertilization (manure and urea) and biochar amendment increased the content of
macro-aggregates and MWD. Manure fertilization increased the carbon content in the mesoaggregates, while biochar amendment increased the carbon content in the micro-aggregates and
meso-aggregates. The FT-IR analysis showed that manure application contributed to more
aliphatic components (non-polar) and polysaccharides (binding agent) of soil organic matter in
larger aggregates. On the other hand, biochar application increased carboxylic functional groups
in meso-aggregates and micro-aggregates. Overall, biochar increased soil aggregation by
promoting accumulation of carboxylic compounds.
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CHAPTER 7. EFFECTS OF HERBICIDES ON GREENHOUSE GAS EMISSIONS
FROM PASTURE SOIL
7.1. Introduction
The balance of greenhouse gas (GHG) concentration on the atmosphere has been changed
due to anthropogenic activity (IPCC, 2015). The three major GHGs related to agricultural
activities and land use changes are carbon dioxide (CO2), nitrous oxide (N2O), and methane
(CH4). The atmospheric concentrations of CO2 (408 ppm), N2O (330 ppb) and CH4 (1,860 ppb)
in 2018 is greater than the annual average values from the last 100 years (ESRL, 2018). The CO2
emissions from agricultural land are related to aerobic organic matter decomposition and CH4
emissions are related to anaerobic organic matter decomposition. Most of the N2O gas emitted
from the soil is derived from nitrification and denitrification processes (Bremner, 1997).
Agricultural activities are the major source of CH4 and NO2 emissions (IPCC, 2015).
The dynamics of GHG emission from soil are influenced by several environmental
conditions and field management practices, including the use of agrochemicals (Muñoz et al.,
2010). The increased use of chemicals in agriculture has furthermore raised concerns about risks
to human health and environmental contamination. The use of herbicides in crop production is
increasing on global scale and accounts for 47.5% of the total pesticides used (De et al., 2014).
The use of herbicides to control unwanted plants in pasture and increase hay quality is a common
and effective practice among producers (Green, 2015).
The control of grass weeds in forage crops is challenging and there are a limited number
of herbicides that are labeled for use with bermudagrass (Cynodon dactylon L. Pers), including
indaziflam, nicosulfuron plus metsulfuron-methyl, and oxadiazon. Indaziflam (N-[(1R,2S)-2,3dihydro-2,6-dimethyl-1H-inden-1-yl]-6-[(1RS)-1 fluoroethyl]-1,3,5-triazine-2,4-diamine) is a
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pre-emergent herbicide of the alkylazine chemical group that inhibits cellulose biosynthesis of
grasses and broadleaf weeds in pasture. Nicosulfuron (2-[[(4,6-dimethoxypyrimidin-2-yl)
aminocarbonyl] aminosulfonyl]-N, N-dimethyl-3-pyridinecarboxamide) and metsulfuron-methyl
(methyl 2-[[[[(4-methoxy-6-methyl-1,3,5-triazin2yl) amino] carbonyl] amino] sulfonyl]
benzoate) are post-emergent herbicides belonging to the chemical group of sulfonylureas, which
are rapidly absorbed through leaves and roots, translocated throughout the plant and have a
systemic effect. Oxadiazon ([2-tert-butyl-4-(2,4-dichloro-5- isopropoxyphenyl)-∆-1, 3, 4oxadiazolin-5-one]) is a pre-emergent herbicide belonging to the chemical group of oxadiazoles.
It controls many annual grass and broadleaf weeds by interrupting the pathway for chlorophyll
production.
Even some of foliar-applied herbicides reach the soil and may have unintended
environmental effects within it (García-Delgado et al., 2018; Lin et al., 2008; Mukherjee et al.,
2016), therefore affect GHG emissions from the soil. However, potential positive or negative
effects are reduced by the adsorption of herbicides onto soil particles and to microbial
decomposition (Sadowski et al., 2000; Zimdahl, 2018).
The potential effects of herbicides on GHG emission from agricultural soils are poorly
understood. There are only a limited number of studies on these effects, and the results have been
inconsistent. For example, a sulfonylurea herbicide decreased CH4 emissions by 30% and
increased N2O emissions by 41% in a grassland soil (Kinney et al., 2004), and another
sulfonylurea herbicide reduced CH4 emissions in rice even more (58%) but it increased N2O
emissions 31% (Jiang et al., 2015). The one study on nicosulfuron found that it did not affect
CH4 emissions from a sandy soil under corn (Seghers et al., 2005). Atrazine application can
increase the CO2 emission from soil by increasing microbial metabolic activities since it can be
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used as a substrate for specific microorganisms (Moreno et al., 2007). Most of the studies on
GHG emissions did not compare the effects of different herbicides.
Although results of laboratory incubation experiments are not directly transferable to
field conditions, these studies are useful for preliminary assessment of treatment effects on
response variables. Therefore, the objective of this study was to determine the potential effects of
indaziflam, nicosulfuron plus metsulfuron-methyl, and oxadiazon herbicides on CO2, N2O and
CH4 fluxes from a bermudagrass pasture soil in a laboratory microcosm.
7.2. Material and methods
7.2.1. Soil description
Soil was collected from an established bermudagrass pasture at the Louisiana State
University Agricultural Center Iberia Research Station located in Jeanerette, LA (29°57′54″ W;
91°42′54″ N; elevation 5.5 m). The soil was Baldwin series (fine, smectitic, hyperthermic,
Chromic Vertic Epiaqualfs), a poorly drained silty clay loam with 98% of hydric components
according to the Web Soil Survey (NRCS, 2018). A composite of 30 random samples collected
from the top 0–10 cm was used in the laboratory incubation experiment. Separate samples for
bulk density were also taken.
All visible plant material was removed and the soil was sieved at 2 mm. An air-dried
subsample was used for pH, and total nitrogen and carbon concentrations. pH was determined
after equilibrating 10 g of soil with 10 mL of deionized water for 30 min (Table 7.1). Soil total
carbon and total nitrogen were determined by dry combustion (McGeehan and Naylor, 1988)
using a macro elemental CHNOS analyzer (Vario EL Cube, Elementar Americas Inc., Mt Laurel,
NJ). Soil texture was measured by the hydrometer method (Day, 1965).
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Table 7.1. Soil characteristics
Clay (%)
Silt (%)

38
54

Sand (%)
Bulk density (g cm-3)
pH
Total N (g kg-1)
Total C (g kg-1)

8
1.46
5.6
2.2
22.1

7.2.2. Experimental design and incubation procedure
The laboratory incubation experimental design was completely randomized with four
treatments of three commercial herbicides, indaziflam (IN), nicosulfuron plus metsulfuronmethyl (NM) and oxadiazon (OX) and a no herbicide (CK) control, with three replications.
Additional information on these herbicides is provided in Appendix A. Fifty g of soil was placed
in 250 mL glass bottles, and urea equivalent to 100 kg N ha-1 (based on area corresponding to
mass and bulk density; 2.3 mg) and herbicides added at rates recommended for bermudagrass
pasture, i.e. indaziflam (0.073 kg a.i. ha-1; 5 mL of 1 μM), nicosulfuron plus metsulfuron-methyl
(0.059 kg a.i. ha-1 and 0.016 kg a.i. ha-1; 2.5 mL of 1.28 μM and 2.5 mL of 0.4 μM), oxadiazon
(3.381 kg a.i. ha-1; 5 mL of 44.7 μM). The herbicides and urea were well-mixed with the soil,
and moisture content brought to 40% water holding capacity (WHC; weight of water in wet
soil/weight of wet soil x 100) with deionized water. The experimental units were incubated at
25 °C in the dark for 100 days.
7.2.3. Measurement of greenhouse gas emissions
The bottles were closed at each sample collection and analysis to trap gases emitted and
flux determined by measuring the concentration change in the headspace. Lids of the bottles
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containing a septum were removed after sample collection. Gas samples were collected every 2
days for the first 15 days, then once every 3 days until day 40 and once every 7 days until day
100. Each bottle was weighed every day and distilled water was added to maintain 40% WHC.
At each sampling time, 2.5 mL of gas was taken at 0 and 1 h after the closure of the bottles.
Samples were analyzed with a Varian CP-3800 gas chromatograph (GC) equipped with flame
ionization detector (FID) and electron capture detector (ECD), respectively (VARIAN, Inc.) for
CO2, CH4 and N2O analysis. Outside air and CO2, CH4 and N2O standards were also analyzed.
7.2.4. Statistical analysis
Statistical analyses were carried out using the MIXED model in SAS JMP 14 (SAS,
2018) to determine the effect herbicides on CO2, CH4 and N2O daily emission. Data was
analyzed as repeated measures in time with herbicide treatment and sampling date as fixed
effects and replication as random effect. The statistical significance of difference was set at α <
0.05 and means were separated using Tukey's test.
7.3. Results and discussion
7.3.1. Greenhouse gas fluxes
Emission of CH4-C was commonly greater with IN than the other herbicides and control
(Figure 7.1). Fluxes with IN ranged from 17 to 326 mg ha-1 day-1, whereas fluxes with NM
ranged from 0.75 to 264 mg ha-1 day-1, with OX, from 6 to 188 mg ha-1 day-1, and with the
control, from 0.75 to 150 mg ha-1 day-1.
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Figure 7.1. Daily emission fluxes of CH4-C following herbicides application.
There was a significant effect of herbicides on daily average CH4-C emission (P= 0.006)
in the 100-day incubation (Figure 7.2). Daily emission was increased by 162% with IN compared
to the control, however the other herbicides did not increase emissions compared to the control.
One product of IN degradation is carboxylic acid (González-Delgado et al., 2015), which is
converted to CH4 by methanogenic bacteria (Riddick et al., 2017).
Previous studies indicated that the herbicide butachlor inhibited the activity of
methanogenic bacteria by maintaining relatively high redox potential, resulting in lower CH4
emissions (Mohanty et al., 2004). However, bromoxynil and 2,4D decreased the oxidation of
CH4, thus increase CH4 fluxes (Kumaraswamy et al., 1997; Topp, 1993).
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Figure 7.2. Average emission fluxes of CH4-C following herbicides application, within bars with
same lowercase letter are not statistically significant at α = 0.05.
The CO2-C emission rates from all herbicide treatments increased initially, then
decreased after 15 days (Figure 7.3). There was little evident difference among treatments. The
CO2-C fluxes for OX ranged from 36 to 942 g ha-1 day-1, for IN, from 21 to 705 g ha-1 day-1, for
NM, from 35 to 673 g ha-1 day-1, and for the control, from 30 to 880 mg ha-1 day-1.
Thus, daily average CO2-C emission was not affected (P=0.603) by any of the herbicides
(Figure 7.4). These results are in contrast to (Susanti et al., 2015) who found that paraquat
reduced CO2 emission by 16 and 6% from soil with and without plants, respectively. The
reduction may have been due to the high adsorption of paraquat onto organic matter and binding
between paraquat and phenolic acids that reduced the decomposition rate of organic matter and
led to lower CO2 fluxes (Arce et al., 2011; Susanti et al., 2015). However, prosulfuron had no
effect on CO2 emission (Kinney et al., 2004). In light of these contradictory results and limited
research on the effect of herbicides on CO2 emission, further research on this topic is needed.
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Figure 7.3. Daily emission fluxes of CO2-C following herbicides application.
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Figure 7.4. Average emission fluxes of CO2-C following herbicides application, within bars with
same lowercase letter are not statistically significant at α = 0.05.
Due to nitrogen fertilization N2O-N emission rates increased with time initially, but
decreased after 13 days (Figure 7.5). The highest peak was for IN and fluxes ranged from 5 to
200 mg ha-1 day-1. Fluxes with NM ranged from 0.38 to 89 mg ha-1 day-1, with OX, 0.38 to 73
mg ha-1 day-1, and with the control, 5 mg ha-1 day-1 to 161 mg ha-1 day-1.
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Figure 7.5. Daily emission fluxes of N2O-N following herbicides application.
There was a significant effect of herbicides (P=0.010) on N2O-N emission (Figure 7.6).
NM and OX reduced emission by 32 and 46%, respectively, compared to the control. Recent
studies have shown sulfonylurea herbicides decreased soil nitrification activity (Gigliotti and
Allievi, 2001; Rose et al., 2016). In addition, chlorimuron-ethyl and tribenuron-methyl
(sulfonylurea herbicides) reduced the abundance of ammonia oxidizing and denitrifying bacteria
(Vlad et al., 2012; Zhang et al., 2013). The effect of sulfonylurea herbicides may be on inhibition
of acetohydroxyacid synthase, a key enzyme in the pathway for the production of branched chain
amino acids production in plants and microorganisms (Nelson and Duxbury, 2008). Although
OX reduced N2O fluxes from the Baldwin soil, a previous study found no effect on nitrifying
bacteria in the soil (Rahman et al., 2005).
However, inhibition of denitrification would seem likely based on inhibition of catalytic
reduction of NO to N2O. OX inhibits the activity of protoporphyrinogen oxidase (Duke et al.,
1991), thus production of protoporphyrin IX (Dailey et al., 2015), a precursor of the heme
compound (Vaccaro et al., 2015) in the enzyme complex responsible for the reduction of NO.
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The heme compound allows two NO molecules to bind and be reduced into N2O (Hino et al.,
2010; Nojiri et al., 2009).
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Figure 7.6. Average emission fluxes of N2O-N following herbicides application, within bars with
same lowercase letter are not statistically significant at α = 0.05.
7.4. Conclusions
The pre-emergent herbicide, indaziflam (alkylazine group), increased CH4 emissions
from a pasture soil. The post-emergent herbicides, nicosulfuron plus metsulfuron-methyl
(sulfonylureas) and oxadiazon (oxidiazole; PROTOX inhibitor), reduced N2O emission.
However, none of the herbicides affected CO2 fluxes. The effects of IN (162% increased CH4-C
emission) and NM and OX (32 and 46% reduction in N2O emission, respectively) on greenhouse
gas fluxes were large, significant and cannot be ignored in the assessment of the impact of
agricultural practices on greenhouse gases. Our results from laboratory incubations strongly
indicate that these herbicides should be tested in field studies to confirm long-term effects. Soil
microbial processes are affected by many agrochemicals. The effects of herbicides on
greenhouse gas fluxes, and the underlying soil microbial structure and function must be better
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understood so that use of agrochemicals to ensure optimal crop yields, with known minimal
environmental risks.
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CHAPTER 8. GENERAL SUMMARY
Forage crop systems are important for animal production. Grasses thrive on nitrogen and
forage producers are challenged to optimize plant production with minimal inputs of costly
nutrients. Nitrogen fertilization and herbicides use has led to a significant increase in agriculture
production for most high yielding and quality hays. Forage production systems demand large
amounts of nitrogen fertilizer enhancing the potential of losses under the conditions of warm and
humid climate of subtropical region in the southern of United States. In order to aid the farming
management practices for pasture fields, studies were conducted to understand the interaction of
manure and urea fertilization with biochar and nitrogen stabilizers in soil environment and the
effect of herbicide application on greenhouse gases. Field experiments were conducted to
determine the effects of different fertilization sources and soil technologies on nitrogen use
efficiency, soil chemical characteristics, greenhouse gas emissions, soil microbial community
and soil aggregate formation and stability.
Urea fertilization presented a greater nitrogen use efficiency compared with manure
fertilization. Biochar and NBPT+DCD increased nitrogen use efficiency on both fertilization
managements. However, NBPT+DCD presented to be a better tool to enhance the efficiency of
manure and urea fertilizer in comparison with biochar. Manure and urea fertilization increased
the total carbon and nitrogen concentration in the soil, although manure had a greater increase
than urea. Biochar showed to be an efficient tool to improve the carbon concentration in the soil
and both soil technologies were able to improve the nitrogen concentration in the soil. Biochar
and NBPT+DCD reduced the N2O emission factor of manure fertilization, however only
NBPT+DCD reduced the N2O emission factor of urea fertilization.

204

Microbial communities and total PLFA concentrations presented high covariation within
the treatments in the pasture soil. The use of manure as nitrogen fertilizer appeared to increase
microbial biomass, bacteria and fungi abundances in the soil. Overall, biochar seemed to be
beneficial to microbial communities in the pasture soil since increased microbial biomass as well
as bacteria and fungi relative abundances in the soil. However, the use of NBPT+DCD presented
to be detrimental to microbial biomass, especially for bacteria and saprophytic fungi. Manure
fertilization and biochar application increased soil aggregation and stability. The FT-IR analysis
showed that manure application contributed to more aliphatic components (non-polar) and
polysaccharides (binding agent) of soil organic matter in larger aggregates. On the other hand,
biochar application increased carboxylic functional groups in meso-aggregates and microaggregates.
Future studies to elucidate what are the mechanism that underlies the enhancement of
nitrogen fertilization efficiency, mitigation of N2O emission by biochar and nitrogen stabilizers,
as well as their effect on microbial communities, and if there is any tradeoff associated with the
environment conditions of southern region of United States would increase the understanding
and develop management practices to enhance sustainable farming for forage production systems
in warm and humid climate regions.
A laboratory study was conducted to determine the potential effects of indaziflam,
nicosulfuron plus metsulfuron-methyl, and oxadiazon herbicides on CO2, N2O and CH4 fluxes
from a bermudagrass pasture soil in a laboratory microcosm. The pre-emergent herbicide,
indaziflam (alkylazine group), increased CH4 emissions from a pasture soil. The post-emergent
herbicides, nicosulfuron plus metsulfuron-methyl (sulfonylureas) and oxadiazon (oxidiazole;
PROTOX inhibitor), reduced N2O emission. The effects of herbicides on greenhouse gas fluxes,
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and the underlying soil microbial structure and function must be better understood so that use of
agrochemicals to ensure optimal crop yields, with known minimal environmental risks. The
findings of this study strongly indicate that these herbicides should be tested in field conditions
for a better understanding of soil microbial processes affected by agrochemicals as well as the
effects on greenhouse gases fluxes.

206

APPENDIX. ADDITIONAL INFORMATION ABOUT THE HERBICIDES USED IN
THE EXPERIMENT

Indaziflam (N-[(1R,2S)-2,3-dihydro-2,6-dimethyl-1H-inden-1-yl]-6-[(1RS)-1
fluoroethyl]-1,3,5-triazine-2,4-diamine) is a pre-emergent herbicide of the alkylazine chemical
group selective to forage that inhibits cellulose biosynthesis of grasses and broadleaf weeds. It
reduces the emergence of seedlings by interrupting cellulose polymerization from glucose
incorporation into acid-insoluble or crystalline cellulose (Brabham et al., 2014).
Nicosulfuron (2-[[(4,6-dimethoxypyrimidin-2-yl) aminocarbonyl] aminosulfonyl]-N, Ndimethyl-3-pyridinecarboxamide) and Metsulfuron-methyl (methyl 2-[[[[(4-methoxy-6-methyl1,3,5-triazin2yl) amino] carbonyl] amino] sulfonyl] benzoate) are post-emergent herbicides
belonging to the chemical group of sulfonylureas, selective to bermudagrass and with a systemic
action which is rapidly absorbed through leaves and roots translocating throughout the plant. It
acts by inhibiting the enzyme acetolactate synthase (ALS) also called acetohydroxyacid synthase
(AHAS), responsible for the synthesis of amino acids valine, leucine and isoleucine (Duggleby
and Pang, 2000). Inhibition of this enzyme disrupts protein production interrupting the cell
division of weeds about two hours after application.
Oxadiazon ([2-tert-butyl-4-(2,4-dichloro-5- isopropoxyphenyl)-∆-1, 3, 4-oxadiazolin-5one]) is a pre-emergent herbicide belonging to the chemical group of oxadiazoles to control
many annual kinds of grass and broadleaf weeds in the pasture. The herbicide inhibits the action
of the enzyme protoporphyrinogen oxidase (PROTOX) also called inhibitor of tetrapyrrole
synthesis or inhibitor of protoporphyrin IX. Inhibiting the enzyme, an accumulation of
protoporphyrinogen occurs diffusing out of the reactive center where its non-enzymatic
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oxidation occurs. Lipids and proteins are oxidized resulting in the loss of chlorophyll,
carotenoids, and rupture of membranes which will rapidly dehydrate the organelles. In preemergence, these herbicides cause the death of plants when they come into contact with treated
soil areas during germination; sensitive tissues suffer rapid necrosis and death caused by lipid
peroxidation. The experimental treatments are described in Table A.1.
Table A.1. Additional information of herbicides.
Code Treatment
Commercial
Manufacture of
name
herbicide

Conventional dosage of
herbicide

Bayer
Company,
Germany

365 mL ha-1 (19.05% active
ingredient by weight)

Nicosulfuron plus
Pastora
Metsulfuron-methyl

DuPont
Company, USA

OX

Oxadiazon

Bayer
Company,
Germany

105 g ha-1 (56.2%
nicosulfuron and 15%
metsulfuron-methyl by
weight)
8.9 L ha-1 (34.1% active
ingredient by weight)

CK

No herbicide

IN

Indaziflam

NM

Esplanade

Ronstar

No herbicide was applied
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